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Propositions
1. The view that the usage of lattice models is inadequate to yield insight into real folding
problems does not help to get a climpse of the Holy Grail.

Herman J. Berendsen 1998. A Glimpse of the Holy Grail? Science, 282: 642-643,
This thesis

2. In contrastto the "new view" of the Bryngelson et al. about protein folding, this
dissertation demonstrates that the sequence, topological and symmetrical restrictions
completely determine the folding pathway of two-state small protein molecules.

Bryngelson JD, Onunchic JN, Socci ND, Wolynes PG. 1995. Funnels, pathways and the energy
landscape of protein folding: a synthesis. Proteins Struct, Funct. Gener. 21:167-195.
This thesis

3. Folding patterns and their favorable topologies are the key for the transfer of the
information coded in the sequence to the information coded in the residue interactions in
the 3D structure of the protein.

This thesis

4. The ease with which one can obtain secondary structure prediction from gene-sequences
is inversely related to the knowledge needed to interpret these data.

5. The game of chess is not a good analogy for protein sequence, but is a good analogy for
protein folding.

Wlodek Mandecki 1998. The game of chess and searches in protein sequence space. TIBTECH 16: 200-
202.; Stapislaw Wronski 1998. The game of chess is not a good analogy for protein sequences.
TIBTECH 16: 407

6. Teaching based on Computer Informatics Technology will lead to social isolation.
7. The whole point of this proposition is to express the whole point of this proposition.
8. It's not that life's too short, you're just dead for so long.

9. The geographical distribution of Nobel price winnersin science is a reflection of
scientific political forces.

Propositions belonging to the thesis entitled " Self-comsistent field approach to protein
structure and stability”.

Roumen Atanasov Dimitrov
Wageningen, 12 January 1999.
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1 Introduction

Proteins on Earth today are the consequences of a complex process of biological evolution.
A typical protein contains about a hundred amino acids linked in a well-defined sequence.
Evolution has created many variants, some of which perform similar functions in different
organisms. The common feature of these biologically active biomolecules is that under proper
conditions they all fold into close-packed, typically globular-like structures. X-Ray diffraction
and nuclear magnetic resonance spectroscopy methods demonstrate that the 3D structure of
proteins {over 7700 coordinate sets are available now in the Brookhaven Protein Databank)
are thermodynamically well-defined. Since many proteins have been found to fold in vitre, and
the native state reached in vitro is the same as that reached in vive, it follows that the one-
dimensional information contained in the sequence of amino acids is sufficient for a protein
molecule to organize itself into its folded conformation. Thus, a conclusion was made that the
native structure of the protein molecule corresponds to its thermodynamically most stable state
i.e. to the minimum of its free energy.! Christian Anfinsen in his 1972 Nobel prize acceptance
lecture described the thermodynamic hypothesis of protein folding as follows:

"This hypothesis states that the 3D structure of a native protein in its normal physiological
milieu (solvent, pH, ionic strength, presence of other components such as metal ions or
prosthetic groups, temperature, and other) is the one in which the Gibbs free energy of the
whole system is lowest; that is, that the native conformation is determined by the amino acid
sequence, in a given environment."

Soon after Anfinsen's thermodynamic hypothesis was stated it was shown by Cyrus
Levinthal that this hypothesis implied a paradoxical result: a typical protein molecule has far
too many conformations to permit a thorough search for the global minimum.2 To overcoime
the Levintal paradox researchers attempted to preserve the concept of the global minimum by
arguing that compactness and the secondary structure organization of the protein molecules
reduce the effective size of the conformational space available to them. However, the
compactness itsell only lessens, but does not eliminate the conformational problem. Hence, the
Levintal paradox is real, and the only way to overcome the Levintal paradox are the guiding
forces engineered by molecular evolution. The first functionally important action of any protein

after biosynthesis is to fold. In other words, only a tiny fraction of the total possible
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conformations available to a polypeptide chain is sampled during folding and this subset of
conformations may be viewed as a kinetic pathway. A unique folding pathway, if it exists, can
be elucidated by experiments. But experiments do not confirm this point of view, rather that in
the earlier stages of folding a protein possesses a large ensemble of structures. The problem is
then not to find a single route but to characterize the dynamics of the ensernble through a
statistical description of the topography of the energy landscape.?® The most detailed
description of the energy landscape will be obtained by specifying the free energy average over
the solvent coordinates as a function of the coordinates of every atom in the protein. The free
energy of the solution at a particular fixed protein conformation will be named further as an
energy not to be mistaken with the free energy over different conformational states of the
protein molecule. At this fine level of description, the energy surface of the protein is riddled
with many local minima. Some of these minima correspond to large conformational differences
and the interconversion between them can be quite slow. Not all of the conformations between
the unfolded and folded states of a protein molecule are equally probable. In fact,
conformations with lower energy are more likely than those with higher energy. For a protein
to be kinetically foldable, there must be a sufficient overall slope of the energy landscape. It is
because of this overall slope of the funnel, that folding occurs as a progressive organization of
an ensemble of partly folded conformations along numnerous parallel pathways. An important
question is how these parallel pathways are connected to each other. It is clear that the
pathways, being numerous at the top of the funnel, have to converge as they approach the
unique conformation of the native protein. In the funnel the spontaneous tendency to fold is
oppesed by random thermal motions as measured by its entropy. While energy and entropy are
in balance at the top and bottom of the funnel, they are not for intermediate positions. At these
intermediate positions initiation of favorable energetic contacts requires the protein to first pay
an entropic and energy price before the downhill tendency of the energy landscape can be
manifested. The set of structures which fulfill these requirements represent the transition state
(TS) for protein folding. The projection of the funnel landscape on an appropriate chosen
reaction coordinate results in an energy profile where the denatured and the folded states sit at
the bottom of energy wells, whereas the transition state is at a maximum. The denatured state
is populated by a vast number of distinct conformations with a broad spatial distribution, while

the folded state is dominated by a single conformation.
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Experimental and theoretical studies strongly support the fact that at the TS level the
folding toward the native conformation is based op the nucleation growth mechanism,?-8
Therefore, the folding problem of two-state small monomeric proteins can be reduced to the
question of how the folding nucléus at the transition state is formed from the ensemble of
partly structured conformations in the denatured state. The aim of this thesis is to show how
the sequential thermodynamic approach may be of relevance in solving the protein folding and
fold recognition problems. It is shown that in the denatured state the folding is energetically

favored by certain highly fluctuating nucleation regions (ct-helices and(or) f-hairpins), which

in experiments based on site directed mutagenesis are revealed by their high ®-values. In the
TS the folding is favored by the packing of these nucleation regions together with other
portions of the polypeptide chain thus Jeading to a broad distribution of the ®-values. The
packing process results in a mucleus with native like-topology, approximately correctly formed
secondary structures and loop regions with different degree of order.

The fold recognition strategy is a consequence of the fact that the native-like nucleus is
separated from all other folding alternatives by a high free energy barrier. The calculations of
the free energy of the folding nucleus are based on: 1) statistical mechanics of a linear
cooperative system, and 2) a self-consistent molecular mean field theory previously developed
for electrostatic interactions (see chapter 3). Molecular field theory is used to describe the
long-range residue-residue interactions, while one-dimensional statistical mechanics is used to
find out the pathway of the protein chain in the molecular field. The basic characteristics of the
molecular field are determined by rough geometric characteristics of the native structure-
packing patterns. A predicting strategy can be formulated as follows: 1) A set of
thermodynamically most favorable packing patterns is constructed which has to be consistent
with the length of the tested protein chains. These patterns are represented by the
combinatorial set of the thermodynamically most favorable mutual positions of ¢ and (or) §-
regular regions with definite lengths and spatial orientations; 2) A set of thermodynamically
most favorable tertiary folds is defined for each packing pattern; 3) Calculations are carried out
to determine the free energy of the protein chain over all available sets of tertiary folds; and 4)
The tertiary fold with the minimal free energy is expected to be the same or very similar to the
native one. As a final result one obtains the distribution and corresponding fluctuations of the
secondary regions along the sequence and their contaclts in space. The free energy minimum is

obtained by a minimization procedure in which proteins "fold” from a random state by
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collapsing and reconfiguration. Reconfiguration follows a general drift from higher to lower
energy conformations, and reconfiguration occurs between conformations that are
geomeltrically similar. In other words, the free energy minimum is represented as a "folding”
funnel with a collection of geometrically similar collapsed structures, one of which is
thermodynamically stable with respect to the rest (but not necessary with respect to the whole
conformational space).

The organization of the thesis is as follows: chapter 2 presents a review of the basic physical
principles that govern protein structure and focuses on the thermodynamics as well as kinetics
of protein folding and unfolding. Then chapter 3 starts with a discussion on the basic
elementary interactions which contribute to protein structure and stability, with emphasis on
the elecirostatic interactions. Electrostatic interactions are described on the basis of a novel
approach which uses the idea of a self-consistent field adapted from statistical mechanics.
Properties such as titration curves, protein stability and pK, shifts are discussed. In particular it
is shown that the contribution of electrostatic interactions to the stability of proteins is close to
zero. Chapter 4 concerns the application of the theory of electrostatic interactions to the
calculation of the pKa's of the 98 residue B-elicitin protein, cryptogein. Unusual in this protein
is the existence of four ionized groups buried in the hydrophobic core. The NMR structure of
the 98 residue B-elicitin, cryptogein was determined using '*N and C/BN labelled protein
samples. Calculation of theoretical pKa’s show general agreement with the experimentally
determined values and are similar for both the crystal and sclution structures. In chapter 5 the
topological requirement for nucleus formation of a two-state folding reaction is considered.
The self-consistent field approach is used to calculate the free energy of the folding nucleus
and to approximate the description of the elementary long-range interactions such as hydrogen
bonding and hydrophobic interactions. The local interactions between residues, which are close
in sequence - as in the a-, B- or loop regions - are accounted for in an explicit form based on
experimental parameters. Finally, in chapter 6 the problem of protein fold recognition of small
monomeric proteins with less than 80 residues is discussed. The thesis is concluded with a

summary in English, Dutch and Buigarian.
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2 Background

Protein Architecture

At the lowest level of describtion, a protein molecule is made up of amino acid residues-
NHCHR,CO- linked together by peptide bonds in a definite sequence. The amino acids differ
only in their side groups R,. There are 20 different side chains specified by the genetic code.
Many others occur as the products of enzymatic medification of proteins after translation. The
sequence of side groups determines all that is unique about a particular protein, including its
biological function and its specific 3D structure.

Depending on the chemical nature of the side chain, the amino acids can be classified into a
few distinct categories: 1) Ionized groups-Asp (D), Glu (E), Arg (R}, Lys (K), His (H) and Tyr
(Y). At neutral pH, Asp and Glu are negatively charged, while Lys and Arg are positively
charged. Tyr has an -OH group but it dissociates only at high pH. 2) Polar but uncharged -Cys
(C), Ser (8), Thr (T), Asn (N) and Gln (Q). Cys plays a special role in proteins because its -SH
group allows it to dimerize through an -S-S- bond to a second Cys, thus covalently linking
regions of the polypeptide. Ser and Thr bave an -OH group which is able to form hydrogen
bonds. Asn and Gln have polar amide groups with even more extensive hydrogen-bonding
capacities. 3) Hydrophobic groups- Ala (A), Ile (I), Leu (L), Met (M), Phe (F), Trp (W), Val
(V) and Pro (P). These groups consist only of hydrocarbons, except for the sulfur atom in Met,
and the nitrogen atom in Trp. The side chains of these nonpolar amino acids are only slightly
soluble in water. Pro has stronger stereochemical constraints than any other residue, with only
one instead of two variable backbone angles, and it lacks the normal backbone NH for
hydrogen bonding. Pro can create a kink in a polypeptide chain. Thus, Pro is, in spite of its
quite strong hydrophobicity, usually found at the edge of the protein. Tyr is also a hydrophobic
amino acid because of its benzene ring, but its hydroxyl group allows it to interact with water.
Gly, like Cys is a special amino acid. It has a hydrogen atom as its R group; thus it is the
smallest amino acid and has no special hydrophobic or hydrophilic character. The structure of

all amino acids, except Gly, are asymmetrically arranged around the C, carbon atom, because

this atom is bonded to four different atoms or groups of atoms (-NH,, -COOH, -H, and -R).
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Thus all amino acids, except Gly, can have one of two stereoisomeric forms. By convention,
these mirror-image structures are called the D and L forms. They cannot be interconverted
without breaking a chemical bond. Only the L forms of amine acids are found in proteins.
Amino acids in a protein molecule are connected by peptide bonds! (fig.1). In terms of the
accuracy of protein structure determination, all of the bond lengths are essentially invariant.
The dihedral angle @, which characterizes the rotation around the peptide bond, is very close
to 180° producing a trans - planar peptide bond with the neighboring o -carbons and the N,
H, C, and O between them all lying in one plane. However, there is evidence that @ can also
vary slightly.2 Cis peptides, with @ =0°, can occur in Pro-containing peptides but essentially
never for any other residue. Since the peptide units are effectively rigid groups which are

linked into a chain by covalent bonds at the C, atoms, the only degrees of freedom they have
are rotations around two bonds: the C, —C and the N - C, bonds. A convention has been
adopted to call the angle of rotation around the N —C, -bond, phi(®), and the angle around
the C, —C' bond from the same C, -atom, psi(¥). In this way, cach amino acid residue is

associated with two conformational angles ® and V.

Figure-1. The peptide bond joining adjacent amino acids in a protein.

The angle pairs @ and ¥ are usually plotted against cach other in a diagram called a
Ramachandran plot.3 Fig.2 shows the results of such plot for @ and ‘¥ taken from a large

number of accurately determined protein structures. Most combinations of @ and ¥ angles
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are not allowed because of steric collisions between the side chain atoms and main chain
atoms. From fig.2 it is seen that the observed values are clustered in the sterically allowed
regions for the B-sheet conformations (P =-180/-44; ¥ =60/180), the right-handed & helical
conformations (@ =-134/-50; W =-70/40} and a small region of left-handed « helical
conformations (@ =44/115; ¥ =-30/60).

Y s N .-,'_"' G
& £ .":'n.."}.ﬁf .

.?:E-. '.'.;.-.
S o
o T

G
~180 Ij a

BT 0 10 (P

Figure-2. Example of a Ramachandran plot. The main chain dihedral angles © and ¥ are plotted for the
phosphorylated isocitrate dehydrogenase (entry 4ICD from Protein Data Base).

In contrast to the other amino acids, Gly plays a special role because of its single hydrogen
atom as a side chain. As a consequence Gly can adopt a much wider range of conformations
allowing unusual main chain conformations in proteins. In proteins Gly is often required in the
case where main chain atoms must approach each other very closely or in cases when pieces of
backbone need to move or hinge. This is one of the main reasons why a high proportion of Gly
residues is conserved among homologous protein sequences.

The « -region in the Ramachandran plot is represented by an « -helix (fig.3). « -Helices in
proteins are found when a stretch of consccutive residues all have the @, ¥ angle pair
approximately around — 60° and ~50°, corresponding to the allowed region in the lower left
quadrant of the Ramachandran plot (fig.2). A typical & -helix has 3.6 residues per turn with

hydrogen bonds between C = O of residue n and NH of residue n+4. Thus all NH and
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CO groups are joined with hydrogen bonds except the first NH groups and the last CO
groups at both ends of the a -helix. As a consequence, the ends of & helices are polar and are
almost always at the surface of protein molecules. In proteins the o -helix is almost always

right-handed. Short regions (3-5 residues) of left-handed o -helices occur occasionally.

Figure-3. Schematic view of an ¢ -helix. Only the right-handed (1-4} form of the helix is shown, H-bonds
are shown as dashed lines. VAL-ALA and PHE-PRO are used as an example to show that H-bonds occur
between each 4 successive amino acids.

The second major structural element found in globular proteins is the f-sheet? (fig.4). This
structure is built up from a combination of several regions of the protein chain. These regions,
{3-strands, are usually from 5 to 10 residues long and have ¢, ¥ angles within the broad
structurally allowed region in the upper left quadrant of the Ramachandran plot (fig.3). B-
Strands are aligned adjacent to each other such that hydrogen bonds can form between CO
groups of one B-strand and NH groups on an adjacent B-strand and vice versa. The B-sheets

which can be formed from several such B-strands are pleated with €, atoms successively a
little above and below the plane of the B-sheet. The side chains follow this pattern such that

within a B-strand they also point alternatively above and below the [-sheet. i-Strands can all

run in the same direction in which case the sheet is described as parallel. In the case when the




successive strands have alternating directions, the sheet is called antiparallel. Almost all -
sheets, parallel, antiparallel, and mixed, as they occur in known protein structures have their

strands twisted. This twist always has the same right-handedness.

Gln

Figure-4. Example of a 4 stranded [3-pleated sheet. Hydrogen bonds are indicated by dashed lines. Two
adjacent [3-strands are represented by arrows. Two other P-strands are represented by their backbones. The

directions of amino acid side chains which are placed above and below the B-shect, are represented by Gln and
Glu as an example.

Chapter 2-Background I}

In proteins secondary structures, o -helices and [-strands are connected by loop regions of

various lengths and irregular shape.’ The loop regions are at the surface of the molecule and

are rich in charged and polar hydrophilic residues. The main chain €& and NH groups of

i these loop regions, which in general do not form hydrogen bonds with each other, are exposed
| to the solvent and can form hydrogen bonds to water molecules.

Although at first sight the folded structures of proteins look complicated and even random,

molecules with widely different sequences show structurally many common features. Firstly,

when all atoms are included in a structural representation of a protein molecule it is clearly

and shapes of the side chains of the amino acids must all be fitted together in a very efficient

observed that there is very little empty space left. In other words, the extremely varied sizes
packing which is comparable to that of small organic crystals®? fig.5.
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Figure-5. 3D-representation of a protein. The histidine-containing phosphocarrier protein from E. Coli (1poh
entry from the Protein Data Base) is used an example of all atom packing restrictions on protein core tformation
by the side chains of the secondary structures. Only the parts of the secondary structures which contribute to the
core formation are represented in atomic detail.

Secondly, hydrophobic groups tend to be buried inside the proteins forming a non-polar
core, while hydrophilic side chains are nearly always exposed.>8 Nearly ali the buried polar
groups, such as the main-chain -NH and -CO groups form hydrogen bonds. Thirdly, the
requirement of a structure to be compact and hydrogen bonds to be formed by buried polar
groups necessitates the formation of « -helices or §-strands by a large proportion of the
polypeptide chain. Major parts of ¢ -helices and B-strands are buried, so they rman across the
molecule, while the interconnecting loops form few intramolecular hydrogen bonds. As a
consequence these loops are positioned almost always at the surface!! (fig.5). The requirement
of close packing restricts the observed packing angles between the o -helices or/and f-strands
to a limited amount of possibilities. Yet there remains sufficient room for various three-
dimensional arrangements. Fourthly, amino acids are "handed” (except for glycine), and
naturally occurring proteins contain only L-amino acids. As a consequence: 1} o -helices are
right-handed, 2) B-strands have a right handed twist of the peptide units along their axes and a
left-handed rotation between adjacent strands in the (-sheets (fig.4), 3) The connection

between two parallel strands in the same sheet is almost certainly right-handed. 4) Cylindrical
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sheets {that is f-barrels) are right-handed.!2-19 Lastly, most protein structures fall into five

rather distinct classes, 2 which are defined according to their secondary structure content: ¢ -
proteins have only o -helices; B-proteins have mainly B-sheets; @ +B proteins have o -helices
and -strands that do not mix but tend to segregate along the polypeptide chain; « /B proteins
have mixed or approximately alternating segments of o -helices and P-strands; and "coil”
proteins contain almost no regular secondary structures.

In the last few years one of the most exciting developments has been the realization that,
although there are many protein structures, they can be classified into fold families. These fold
families correspond roughly to the different patterns of super secondary structure association
and their topological connections.2!2? Comparison of the tertiary structures of homologous
proteins shows that their 3D structures are conserved in evolution more than their primary
structures. The amino acid sequence changes that occur over long periods of evolution lead to
small structural variations; - & -helices and P-sheets shift relative to each other.24-25 Radical
insertions and deletions which lead to more extensive conformational changes tend to occur
mainly in loop regions. Insertions are allowed in some B-strands to give rise to a so-called p-
bulge.? The sequence and structural modifications are acceptable, if they maintain the stability
of the protein and do not adversely affect its function. The same is true for proteins which have
low sequence identities, but their structural details and, in many cases, functional features
suggest that they have a common evolutionary origin. The analysis now available of the
structures in the Protein Databank shows that the number of different protein folds is about
400, Of these folds, approximately 25% belong to the all o -class, 20% belong to the all -
class, 30% belong to the o/ f-class, and 25% belong to the « + B -class. The reason for the
small number of folds is most likely to be historical. Apparently, early in evolution a wide range
of general functional and catalytic properties could be realized by a relatively small number of
proteins and was it easier to produce new proteins with more specific properties by the
duplication, divergence and recombination of old proteins than by ab initio evolution,

Large and even moderately large proteins, can often be subdivided into domains which are
contiguous in primary sequence and have a compact three dimensional structure. Such domains
satisfy most of the architectural constraints which are valid for smaller proteins. Often they can
fold independently and can be created as separate folded entities in the test tube 26

Finally, functioning protein molecules are often multiprotein complexes such as for example

hemoglobin. Hemoglobin is not a single protein chain, but is composed of four domains which
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are held together only by van der Waals interactions. This level of organization is referred to as

quaternary structure.26

Thermodynamics and Kinetics of Folding and Unfolding of Protein Molecules

Our ideas on protein folding pathways and the properties of the native state of proteins have
changed dramatically in the past few years, because of the development of new experimental
and theoretical methods. Recent advances in protein engineering and NMR procedures have
enabled the description of protein-folding pathways at almost atomic resolution. This allowed
theory and experiments to converge, yielding the basic principles of protein structure
organization and knowledge about the mechanisms of protein folding.27-37

The main protein properties can be classified as kinetic and thermodynamic.
Thermodynamic properties of the native state include high compactness, a low energy
necessary to stabilize the protein structure against the highly entropic unfolded states; low
energy degeneracy, leading to a unique native structure which is important for its physiological
function; a hydrophobic core in aqueous media; and abundant secondary structure. On the
other hand, the kinetical properties involve a fast folding time (for the formation of the native
structure under physiological conditions) and a slow unfolding time (which is important for the
stability of the native state).

Studies of protein folding are usually carried out by changing environmental conditions. For
example a protein molecule can be unfolded by raising or lowering of the temperature.38-42 The
latter is connected with the fact that part of the binding ferces involve the entropy of the
surrounding solvent. In addition, folding can be induced by changing the pH of the solution, or
by adding compounds such as urea and guanidium hydrochloride. Thermodynarnic
characteristics such as the free energy difference between the folded and unfolded forms of the
protein molecule can be studied by measuring their relative concentrations. The concentrations
are determined by using probes which can distinguish between the folded and unfolded forms
of the protein molecule. Thus, viscosity measurements can be used to probe whether the
molecules are compact or extended. Low X-ray scattering are used to determine compactness.
Probes such as visible light or fluorescence spectroscopy are sensitive to the local environment
of certain amino acid residues, thus indicating the presence of secondary structures. The

nuclear Overhauser effect and other NMR phenomena give information about the relative




Chapter 2-Background 15

location of two groups in a protein molecule and thus give information about the tertiary
structure.®3-44 Calorimetric studies give the total energy content of a protein solution which is
connected to the equilibrium constant through the Van't Hoff's law. Biclogical and biochemical
procedures can be used for the binding of antibodies to the protein in order to determine what
fraction of the molecules exhibits antigenicity. In addition, it is possible to use assays of the
activity of an enzyme because the activity depends on the three dimensional environment of the
active site.

The first step in understanding how proteins fold include knowledge of the rates for the
elementary structural processes involved. With the availability of several new fast kinetic
methods (for example nanosecond laser temperature jumps for the initiation of the folding
process?347), it is now possible to measure rates on any timescale of interest. Data are still
rather limited, but the rates at which a number of elementary processes occur, such as the
formation of the helices and loops for helical proteins or of -hairpins and loops for [3-sheet
proteins, have been measured. Thus experiments based on time-resolved infrared spectroscopy
for the average helix content suggest that helices may generally be expected to form in ~ 100
ns.46:47 On the other hand, helix formation can be used to estimate the rate of turn formation.
Thus modeling of helix-coil kinetic data from temperature jump experiments suggest that the
rate of turn formation is ~ 500 ns. Loop-formation rates can be determined from
intramnolecular ligand binding studies. Using photochemical triggering and nanosecond-
resolved optical spectroscopy, the time constant of the heme binding to a Met residue located
about 50 residues distant from the heme along the polypeptide chain was found to be 40
us. 4849 Theoretical estimates30-! suggest that the rate of shorter loops (6-10 residues long) is
approximately 10-25 faster than 50-residue loops, that is, ~ lus. As a result the above
experimental data suggest that loop formation would be rate-limiting at least for the fastest
folding proteins, i.e. approximately Ips seems a reasonable estimate for the shortest time in
which a small protein can fold.

Thermodynamical experiments showed that in most cases protein folding and unfolding
invalve only two thermadynamically distinct states or phases (fig.6).52 The folded state
consists of a spatially narrow distribution of structures, whereas the unfolded state contains a
much larger number of distinct configurations that have a much broader spatial distribution.
The state at the maximum in the free-energy profile is called the ‘transition state’ for protein

folding. The two-state picture is also consistent with the fact that different probes, such as
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viscosity or spectroscopy, indicate that the transition occurs at the same set of conditions as
measured separately by each of the probes. This makes it possible to compare calorimetrically
determined equilibrium constants directly with spectroscopical determined ones, and they
agree.® One of the main experimental observations is that the free energy difference between
folded and unfolded forms is often quite small, of the order of a few ksT. The two-state
thermodynamics is however not universal. There are several examples in which different probes
show non-coincident transitions, such as multiple domain proteins and the molten globule

state.

A unfolding conditions

Slow

F(Q)

folding conditions N

Q

Figure-6. Free energy profiles for protein folding and unfolding for two-state proteins. Q is the reaction
coordinate. The process U'—U is the response of the unfelded state to the change from unfolding to folding
conditions. N—N' is the response of the native state to the change from folding te unfolding conditions. The
barrier between the folded and unfelded states is not sharp, i.e. there is an ¢nsemble of transition structures of
which the probability of proceeding forward to the native state is significantly higher than back to the unfolded
state,

In addition to the equilibrium measurements, kinetic consideration of the free energy
profiles in fig.6 indicate that fast initial processes can occur even in two-state proteins. In
experiments, in which the solvent is changed from strongly unfolding to strongly folding
conditions, collapse to more compact structures occur. In the free energy profile this is a
barrierless process and therefore very fast. The formation of a more compact denatured state,
as the denaturant concentration decreases, is a general property. An inleresting issue, that is

addressed by fast mixing experiments, is whether the compact denatured state under strongly
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folding conditions retains a random organization of the polypeptide chain, or whether it
assumes a native-like fold, as found in the molten-globule state.33:34 Fast processes occur also
in unfolding experiments prior to the formation of the unfolded state (fig.6). Changing the
solvent conditions influence the distribution of conformations in the native state and make
partly unfoided structures rapidly accessible. Conformational changes in native proteins is
known to occur in approximately picoseconds. Therefore, fast structural changes may occur
prior to crossing the main thermodynamic barrier to the unfolded state (a process that usually
takes milliseconds or longer). In two-state Kinetics both folding and unfolding are single
exponential processes, and the ratio of the folding and unfolding rate constants is equal to the
population ratio of folded and unfolded states obtained in equilibrium experiments.

Protein molecules on the one hand are finite systems and at the same time they are still very
large in atomic terms. These features of protein molecules give the possibility to consider
protein folding from two points of view, namely as a complex chemical reactionZ® and as a
phase transition.>3 There are a few major questions around which the theoretical studies are
focused: 1) What are the sequence requirements for proteins to fold rapidly and be stable in
their native conformations? 2} What are the thermodynamic mechanism(s) of protein
stabilization and the kinetic mechanism(s) of folding? 3) Arc there special native structures
{packing patterns) that are more likely to correspond to the native structures of foldable
proteins? 4) What is the best approximation for protein-folding energetics? At present, because
of the time scales involved in protein folding (from several microseconds to minutes),
simplified lattice protein models whose dynamics are defined by Monte Carlo methods appear

to be the only candidates for computational studies, Simplified models>3-36 provide a coarse-

grained description (1 ms and 2 103&, respectively), i.e. they cannot depict all the details of
protein structures such as location and size distribution of hydrogen-bonded secondary
structures, side chain conformational degrees of freedom important for packing, etc. Each of
these different details has its own energy scale and it is not obvious how they can be taken into
account when making the connection between simplified models and experiments on real
proteins. The main requirement for simplified models is their ability to reproduce the most
essential effects of protein folding: a unique native structure, a large number of conformations
(the 'Levintal paradox), fast folding to native state and cooperative folding (first-order like)

transition,
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From the point of view of the complex chemical?®36 reactions it is postulated that: firstly, in
its non-native interactions, a protein resembles a random heteropolymer. In its extreme form
this suggests that the energies of globally distinct states can be taken as random variables
which are uncorrelated (random energy model). Secondly, when a part of the protein molecule
is in its correct secondary structure, the energy contributions are expected to be stabilizing. In
addition, when a correct contact is made, the energy may go up occasionally, but when
averaged over all possible contacts, the energy will go down. Thirdly, the conformational
states of protein chains with random sequences are characterized by a rough energy landscape.
The source of the roughness are the frustration arising from conflicting interactions and
geomelric constraints, which present a large barrier for the reconfiguration between different
conformational states. Thus protein folding is regarded as the motion of a protein chain on a
partialty rugged, funnel-shaped energy landscape as it searches through an enormous number
of possible configurations on its way to the unique native structure. The landscape of the
protein funnel is characterized by three parameters: the mean square interaction energy
fluctuations, AE?, measuring ruggedness; a gradient toward the folded state, £ ; and an
effective configurational entropy, §,, describing the search problem size ('Levintal paradox’).
The main feature of the funnel description is the concerted change in both the energy and the
entropy as one moves along the reaction coordinate (similarity of the configuration to the
native structure-degree of collapse, helicity, fraction of correct contacts and dihedral angles
etc.). As the entropy decreases so does the energy. The gradient of free energy determines the
average drift up or down the funnel. Superimposed on this drift is a stochastic motion whose
statistics depends on the jumps between local minima. In a first approximation this process can
be described as diffusion. There are different kinetic scenarios depending on the variation of
entropy, mean energy and ruggedness as the protein ensemble descends in the funnel. If the
energy loss always exceeds the entropy, when the ensemble of intermediate structures becomes
progressively more native-like, there is a ‘downhill’ scenario. This occurs for folding funnels
with very large §E,. The rate of folding does not follow the first-order chemical reaction,
rather it depends mainty on the lifetimes of the individual microstates. If a glass transition
occurs before the native state is reached, the overall kinetics become multiexponential.
Different protein molecules are stucked in a few different microstates with different rate of
folding. When the entropy decreases more rapidly than the energy, a free energy maximum

resulis. At the macroscopic level the folding is described by a single-step, exponential kinetics.
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The 'ruggedness’ of the landscape is responsible for the transient trapping of structures that are
gither partially folded or misfolded. In other words, there is a glass transition which can occur
either before the thermodynamic barrier or after it. If the landscape is sufficiently smooth, the
traps are shallow and there is no significant accumulation of intermediate structures that may
result in slow and/or multiphasic kinetics. In this case, only two states (folded and unfolded)
are observed in both kinetic and equilibrium experiments (fig.6). Activation to an ensemble of
states near the top of the free energy barrier is the rate-determining step. Another very
important factor, which controls the search for the native state, is the geometric constraints
coming from the chain connectivity and determining in particular the native state accessibility.
They force the sequence to assemble by following an average sequential order. The protein
initially collapses and starts a reconfiguration process until some critical residues are properly
assembled. Once this occurs, the probability of formation of other native contacts is enhanced
and the folding results in an increasingly rapid collapse to the native state.

From the point of view of statistical thermodynamics3® the important question is whether
the principle of minimal frustration, postulated in the random energy model of energy
landscape,28 can be realized with realistic Hamiltonians by the choice of appropriate sequences.
It is postulated that the size of the energy gap between the native state and the unfolded
conformations determines the stability and the folding rates of proteins. According to this idea,
large gaps are associated with fast folding and stable sequences. Combination of design and
folding makes it possible to investigate protein folding and evolution separately from the
problem of finding the correct potential functions for the Hamiltonian, As in the random energy
model, the energies of the conformations, which are not similar to the target structure of a
given designed sequence, are statistically equivalent to those of a random heteropolymer. This
leads to the existence of a threshold energy E. such that the probability to find conformations
with an energy well below E, is extremely small. In other words, if the probability function
W(E) is such, that W{E)AE gives the number of conformations with energies belonging to
the interval (E, E + AE), than the energy spectrum of a heteropolymer has a quasi-continuous
part at E > E, such that W(E}>> 1 and a lower discrete part at E < E. where W(E) ~ 1.
Therefore the successful design should create sequences whose native energy E, is well
below E,. In this way random conformations will not have energies close to that of the native

conformation and therefore will not serve as deep energetic traps for folding. Another
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important factor, which is necessary for the reproduction of the most universal feature of the
thermodynarmics of real proteins, is cooperativity. Cooperativity suggests that proteins, at
conditions in which their native state is thermodynamically stable, follow a first-order-like
phase transition. This is supported by simulations on simpiified model lattices. In these
simulations more cooperative transitions between unfolded and native states (with little
structural similarity beiween them) were found to correlate with sequences designed to have
large energy gaps and faster folding at temperatures where their native state is
thermodynamically stable. In contrast, sequences having a noncooperative-folding transition
fold very slowly at the condition in which their native state is stable (a temperature lower than
that of the glass transition is required to stabilize native conformations in this case). As was
already discussed above, the double-well free energy profile (fig.6) suggests two relaxation
times: one for the motion of a protein chain in the free energy minimum corresponding to the
unfolded state (which is very fast); and second to overcome the free energy barrier between
unfolded and falded states. In the fast folding part there is a reconfiguration via a collapsed
‘burst-phase’ intermediate, but this strongly depends on the conditions. Thus at higher
temperature, at which the entropy contribution is tnore pronounced, partly structured
intermediates are favorable. However at lower temperatures, in which the enthalpic
contribution to the free energy barrier becomes dominant, low energy intermediates are
disfavored. And finally, the cooperativity suggests that kinetically the protein folding transition
follows a nucleation mechanism. The nucleus is the lowest of all the free energy barriers in the
transition state ensemble of conformations. It is represented by certain nonlocal native contacts
which lead to the formation of a critical fragment after which the subsequent dynamics lead
unidirectionally to the native state.

Recent experiments and theoretical (computational) developments have drastically
improved our understanding of what happens during the folding of protein molecules and how
this depends on such characteristics as environment conditions (concentration of denaturants,
pH, temperature etc.) and amino acid composition. In recent years, it has also been realized
that the search for a unique structure in a globular proteins involves the discrimination between
different overall folded structures, and that the collapse into a globule having secondary
structure does not by itself solve the problem of the search for a unique three-dimensional
structure.>® Thus the question still remains how this understanding of the protein folding

problemn will help to solve the problem of protein tertiary structure predictions. There is no
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improvement in predicting the correct energetics of the residue-residue interactions. This
difficulty can be overcome by sequence design, but is limited in its applications to simplified
lattices. Improverent is needed in the direction of more realistic representation of protein
chain conformations including secondary structure formation and side chain packing which are
crucial for the formation and stabilization of the native state. It is the aim of the present thesis

to make a first step in this direction.
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SUMMARY

Starting from the simple case of an external field acting on non interacting particles, a
formulation of the self-consistent field theory for treating proteins and unfolded protein chains
with multiple interacting titratable groups is given. Electrostatic interactions between the
titratable groups are approximated by a Debye-Huckel expression. Amino acid residues are
treated as polarizable bodies with a single dielectric constant. Dielectric properties of protein
molecules are described in terms of local dielectric constants determined by the space
distribution of residue volume density around each ionized residue. Calculations are based on
average charges of titratable groups, distance of separation between them, on their pKa's,
residue volumes and on the local dielectric constant. A set of different residue volumes is used
to analyze the influence of the permanent dipole of polar parts of the residue on calculated
titration curves, electrostatic contribution to the free energy of protein stability and pK shifts.
Calculations with zero volumes- which means that charged portions of protein molecules are
viewed as part of the high dielectric medium- give good agreement with experimental data.
The theory was tested against most accurate approaches currently available for the calculation
of the pKa's of ionizable groups based upon finite difference solutions of the Poisson-

Boltzmann equation {FDPB). For 70 theoretically calculated pKa's in a total of six proteins the
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accuracy of the approach presented here is assessed by comparison of computed pKa's with
that measured. The overall root-mean-square error is 0.79 compared to the value 0.89
obtained by FDPB approach given in the paper of Antosiewicz et. all.! The test of Debye-
Huckel approximation for the electrostatic pair interactions shows that it is in excellent
agreement with experimental data as well as the calculations of the FDPB and Tanford-
Kirkwood methods on the pK shifts of His64 in the active site of subtilisin over the whole
range of ionic strengths.23 The theory was also analytically and numerically tested on a simple

models where the exact statistical mechanical treatment is still simple 3

INTRODUCTION

From early studies® where proteins are assumed to be impenetrable spheres with charges
uniformly distributed over their surfaces it was widely believed that the destabilizing effects of
PH on protein stability were mainly due to the repulsive interactions between titratable groups.
These result from the large net charge that accumulates on the protein when it is far from its
isoelectric peint. However recent experimental advances have shown that the main difference
between the folded and unfolded protein states comes from a small number of amino acids with
anomalously shifted pKa's in its native state.”® Since these important experimental results were
recognized, the main goal of current theoretical approaches is to represent the electrostatic
contribution to total protein stability in terms of individual free energy contributions of acidic
and basic groups, as well as to understanding the physical basis and estimating the degree to
which the protein environment of each group alters its pKa's relative to the pKa's of the
groups which surround it.

Various methods are currently available for computing the electrostatic energy of
polypeptide or protein molecules but not one method is perfect for all applications. It is
important that in all these methods, the only specific characteristic of the protein molecule is
that in its native state, the protein forms a compact spherical-like region, the surface of which
separates two regions that differ in their composition. The molecular interior is generally
considered to be of low dielectric constant.%19 Qutside the molecular boundary there is an
aqueous medium of high dielectric constant. Analytical solution of such a model for natural
shapes of protein molecules is not yet available because of the complex behaviour of the

dielectric constant and ionic strength through space. The only existing analytical solution which
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deals with hypothetical spherical molecules has been proposed by Kitkwood.!! In one of the
most popular versions of this approach!? the protein is assumed to be a sphere with charges
located at discrete sites immersed at some fixed distance beneath the surface of the sphere.
This model has been modified to incorporate depth parameters and surface accessibility?3.14,15
Attempts were made to deal with the detailed microscopic dielectric effects of the protein and
the surrounding water molecules. The application of the method known as PDLD-"protein-
dipoles Langevin-dipoles”6, gives reasonable results. There are also models which treat
proteins with arbitrary shapes. They can be separated into two groups with the use of Poisson-
Boltzmann (PB) differential equations on the basis of a finite-difference approach!?.18,19.20 or
with an integral formulation of the problem on the basis of an appropriate density distribution
of induced polarization charge on the protein-solvent boundary.2! Recently, the finite-
difference solutions of PB and particularly linearized PB equations appear to be the natural
approach for computing detailed electrostatic fields in and around macromolecules.1:2:22.23,24.25
An important recent application2¢ exarmines the contribution of salt bridges to protein stability.
From these results, it follows that the native state is weakly destabilized relative to the
denatured one. In the last few years an attempt was made to incorporate the PB model in
conformational-search algorithms. 27,28

Because of the complexity of averaging both conformational and charged states for protein
chain and each ionised residue respectively, previous investigations have attempted to attack
one or other aspect separately. A well known approximation which averages over the
ionization state of charged residues is the iterative method of Tanford and Roxby.2? In this
method each ionizable group interacts with the average charge of the other groups. Recently it
has been shown that this method is a mean field one and a reduced site method has been
proposed.3 Here, only the pKa's of residue groups which are near to the pH of interest are
treated with the full statistical mechanical expressions; the other ionizable groups are treated by
a mean field approach with some modifications. However at some pH values all of the acidic or
basic groups must be included in the rigorous statistical mechanical summation. Some
improvement was obtained by introducing the so called hybrid statistical mechanical/Tanford-
Roxby approximation* and “cluster method”.3% A powerful Monte Carlo method has also been
developed which is very apropriate for large systems.?!

A theory was developed which deals with the folding process of a fictitious two-state

thermodynamic pathway using a porous sphere model for unfolded protein chains.3233 The
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potential for the unfolded state is calculated using the Poisson-Boltzmann relation and the
interior of the porous sphere is taken to be a linear function of the chain density. The folded
state is accounted for by the approximation of the Linderstrom-Lang model. The theory
successfully accounted for pH and salt effects on myoglobin stability. 34

In this present paper we present an approach which deals with both the problem of
conformational state and of ionisation of individual residues. The electrostatic interactions
between the protein titratable groups are coosidered on the basis of a self-consistent field
approach. The method is based on the approximation of electrostatic interactions between the
titratable groups with the interaction of each of them with a self-consistently determined
molecular field. The field can be different for different titratable groups or for identical groups
placed at different spatial coordinates.

The explicit treatment of heterogeneity of residue sequence makes it possible to determine
all specific dielectric properties of ionized residue environments in the native as well as in the
denatured state. The use of molecular field approximation gives the possibility to replace the
complex dependence of electrostatic interactions on the space distribution of residue charges
with a sum over separated energy terms, each of which depends only on the coordinates of the
corresponding ionized residue. This allows, in a simplified form, to take into account the
averaging of electrostatic interactions over the different conformational states of the protein
chain, In this paper we consider the difference of electrostatic free energy between the native
and the denatured state of the protein chain. The native state is characterized using spatial
coordinates taken from the Brookhaven Protein Data Bank. Electrostatic interactions in the
denatured state are only between residues which are close to one another along the chain but
not further than three residues, and strongly dependent on protein chain sequence.

In order to clarify the accuracy of the theory presented here the self-consistent field
approach is applied to determine 70 individual pKa's in a total of six proteins with currently
available experimental data- bovine pancreatic trypsin inhibitor (BPTT), ribonuclease A (Rnase
A}, ribonuclease T1 (Rnase T1), two crystal forms of hen egg white lysozyme (HEWL), T4
lysozyme and barnase. Our results are also extensively compared with the most accurate
methods existing now based on the finite difference Poisson-Boltzmann method! #2323 a5 well
as analytically and numerically tested on a simple models where the exact statistical mechanical

treatment is still simple 4.5
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THEORY
Statement of the problem

The protein molecule is seen as a linear system with a given amino acid residue sequence
along its chain. Amino acid residues are treated as polarizable bodies with a single dielectric
constant, Dielectric properties of the protein molecule at any specific chain conformation are
described in terms of local dielectric constants determined by the space distribution of residue
volume density around each ionized residue. Electrostatic interactions are long-range ones so it
is not convenient to chose any particular conformation of the protein molecule as a reference
state of zero free energy. For the reference state we chose the state in which the residue groups
along the chain are disconnected from each other and separated at a distance where they
cannot interact and where there is no dissolved electrolyte. The icnization properties of
separated residues are described by their intrinsic pKa's which define the free energy £ of
charging the ionized groups. The pKa values in folded or unfolded protein chains are affected

by the pair charge-charge interactions- £, the desolvation of ionized groups and their
interactions with polar but neutral groups- E,. For a particular chain conformation the partition
function of the electrostatic part of free energy is a sum over the 2" statistical weights

(B! +E)+ K EE,

exp| — / __\for a chain with N ionized residues. The pK shift of a

RT

particular ionized residue i is defined as follows: the partition function is separated in two

terms Z,(0) and Z.(g’) which represent the charge or uncharged state of residue
i respectively and g, is | when the residue i is basic or -1 if it is acidic. It is important to

remermber that Z, (0) represents the sum over the statistical weights of 2%~" ionization states

of all other ionizable groups along the protein chain. So we have:

l Z.(0)

K = xI
K= 30 M ey

t

)= g, X (pH - pK;) (M
The titration properties are defined as:

o Zj(q:’)
_ N= N 2
e-S0-To gt >
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The equations (1) and (2) give the formal solution to the problem of pH dependent
properties in protein molecules but are of little value unless it is possible to evaluate the
partition functions Z,(0) and Z,(g; ). The aim of this paper is to evaluate these terms on the

basis of a self-consistent field approach.
Self-consistent field

If a protein has N ionizable residues, a given ionization state of the protein can be defined in
terms of the vector {q,.} =1 to N, where g; is O when the group i is neutral and 1 for basic or -

1 for acidic groups when it is charged. The Hamiltonian of electrostatic interactions at some

given ionization state of the protein molecule can be represented in the form:

N-IN-1

E({a.})= ZE"+ZE+ Z2E

i fei
NI NI

—Z#, q.+21(r {a;)’ +—~22q. IAGEANS )
i g#i

where #, is the change in electrostatic energy of charging the group i in water, l‘.(ﬁ) is the

change in electrostatic energy of the ionized group i in the all neutral protein envirenment

relative to the aqueous phase, fu(i-,',?:,] is the energy of clectrostatic interaction between

residues 1 and j, in their charged state.
Following equation (3) for the free energy F of electrostatic interactions between the

titratable groups in the protein chain we can write:

-RT- ]n[gcxp( (‘i‘;}) D

In many cases when the interparticle interactions have multiple characters it is appropriate
to assume a simplified form for them, in such a way that the main properties of the system are
conserved. The required modifications can be obtained on the basis of some minimization
rules. For our purpose as a starting point for the minimization procedure the most appropriate

is the well known classical statistical mechanics Gibbs-Bogoliubov inequality.37.55
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Let {E,} be the energies of the states for the investigated system and {E ,,} be the energies

of the same states for the modified one. All properties of the systems are described in terms of
the probability distribution of their states. We have:

F-E . F -E
P =ex “|and P =ex - 4
T —— -

where

F=—RT ln(;exp(_%)) and F'=-RT- ln(; exp[— ﬁTD

are the free energies of the systems. Their probabilities have to fulfill the usual nermalization

conditions:
YPB=>F-=1
Using (4) the Gibbs-Bogoliubov inequality can be written in the form:
F<F+{E-EY, (5)
The inequality (5) states that the free energy of the system of interest is less than or equal to
the free energy of the model system plus the average value of the deviation of the energy levels
of the system of interest relative to the coresponding energy levels of the model system as
calculated in the model system. Free energy F of electrostatic interactions can be obtained by
the minimization over the energy E' of the mode] system in the form:
F=min{F+E-E),} (6)
Inequality (5) gives only the upper limit to the free energy of the system of interest.
Therefore the choice of the model system and it's adjustable parametrers are restricted by the
requirement that the limit on the right of inequality (5} be as small as possible. In the most
simple case the model system is chosen in such a way that real interactions are approximated
by the molecular field acting at each charged residue. In this case the last term in equation (3)
is represented in the form:
1 S -
_'22‘]5 'fa(rf”’f)'qf =>4 P(F)
2 i jei i
where ®(F) is the molecular field.

Therefore the Hamiltonian of the model system at some given ionization state {qi} of the

protein molecule is:
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El({‘].‘ }) :Z,(.u.' "4 +A‘i(ﬁ)'(€r‘)2 +q; ‘D(ﬁ))

In a molecular field, ionized residues are independent from each other, so for the free

energy F' of the model system we can write:

F'=—RT-lnz,z:H(1+exp(-(y,.-q,."+,1,.(ﬁ)-( g} +q )/RT]] g _{ -1

The probability that residue i is in the charged or uncharged form when it is placed at space

coordinate T, is:
SXP(“(u.--qui(ﬁ)'( [) +al -0 )/RTJ

Fle)= l+cxp[—(,u, gl + A7) ( g, -l-ql r,)) RTJ

and 1~ P'(F)

The probability of some given set {q['} is:
H‘?XP("(.U; g+ 4, (g )2 +q ®F ))/ RTJ
fa}

H(Hexp[—(,u,. g + A, ( Y +q"- (7)) )/RTD

P ({ar})=

Thus from equation (6) for the free energy of electrostatic interactions between the
titratable groups in the protein molecule we have:

F=F'+%P'[qf})[ PRI A RARY qﬁ’-‘b(ﬁ-)]

-F +‘,Z§"(r) f,E7) a7} ZalF)-o) %

where

q(7)=0-(1- P (7)) +a! - P (7)

oF oF
For the self-consistent solution from —— =0 and —— =0 we obtain:
(7)) &(7)
& [80(7) = a(#) and (%)= Y. £,(7.7)-a(F)) ®

J#
where ®(F) plays the role of a self-consistent field. Minimization of free energy in (7) is
carried out by an iteration process. We can begin with some arbitrary chosen molecular field or

some distribution of average charges. In each step of the iteration procedure using the equation

(8) we define the molecular field which acts at each position in the globular structure. This
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field depends on the distribution of mean charges obtained at the previous step. Thus at
equilibrium the charge distribution obtained by the molecular field must coincide with the
charge distribution by which the molecular field is defined. Depending on the sharpness of the
minimum it is possible that the free energy will increase if the step is too long and the minimum

is passed. This is overcome by introducing a parameter A (0< A < 1) in the form:
()= A (0(F), - (7). )+ ©(7),

where | is the number of iteration steps. If free energy increases A is decreased by half.

Cluster field approach

The main difficulty of any kind of mean field method is that it is not possible to account for
states in which one or several groups are charged and others neutral. The mean field method
enforces symmetry and neglects correlations and as a consequence all the ionized groups are
seen as simultaneously charged. In the case of dominant repulsive interactions above some
critical value the mean field method leads to errors which are analyzed below. Here we give
some modification of the self-consistent field approach described above which can take into
account the charged and uncharged state of different ionized groups.

For a particular ionized residue i the other ionized residues are separated in groups or
clusters each of which include the residue i . We assume that the different cluster fields do not
act oo residue 7 at the same time. So they represent different states of the systemn. We will
illustrate the modification scheme in the most simple case of two cluster groups: the first
cluster- includes all charged groups; the second cluster- includes only ionized residue £ all
other ionized residues are kept neutral. The second cluster is directly connected to the so-
called 'Null' model-the assumption that the protein environment- in our case the electrostatic
charge-charge interactions- do not shift pKa's of ionized residues at all. One has to keep in
mind that only the electrostatic interactions between the titratable groups are treated self-

consistently, The resulting free energy of residue 7over the cluster fields is given by
—RTln[l + exp[——‘D, as a consequence the probability that residue i is in the charged

form is given by the formula:
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E’+E, —RTIn| 1+ @ X® | gy

- . —RTIn| 1 +exp, —

exp| —| E +E, P~y

. g' x®,
l+exp|—| E” + E, — RTIn| 1 +exp| - RT /RT

El +E, E'+E, +g'xd,
CXp| — RT +exp - RT

B E’+E, E'+E +q' X,
l+expl — RT +exp| — RT

The partition function of the residue / in the presence of an external field is defined as a sum

over the clusters with nonzero external fields, therefore for the free energy we have:

E'+E +q xd,
F/RT:—In[]+exp[— : A 'J]

RT

The external field &, is again determined by the equation (8) but now the probability F, is

given by the new formula defined above.

Electrostatic free energies

As was already mentioned above the protein molecule is seen as a linear system which
consists of different amino acid residues, some of which may ionize. Residue groups are
treated as polarizable bodies with a single dielectric constant. The charged portions of residue
groups are taken as spheres with charges placed at their centers. The protein chain is immersed
in a solvent medium which is treated as a dielectric continuum. The solvent can contain a
dissolved electrolyte. Any particular chain conformation for a protein molecule with N ionized
groups is characterized by the set of 2" electrostatical energy levels-which are simply
represented by all possible combinations of charged and uncharged forms for the ionized
groups. Taking into account the reference state the charged ionized residues are characterized

with an internal free energy given by:

o o o —1, acidic grou
K, q =2,3-RT'(pK, _pH)'qf' s q; :{ 1, basic gfaupp (9)
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An assumption is made that electrostatic potentials caused by the charged ionized groups

are governed by the linearized Poisson-Boltzmann differential equation2:
Ve(r)Va(r) - e(r)k* (r)e®(r) + 4rp(r) =0
) 8me’ N, I
k,T
where N, e, k,, T, ®, I are Avogadro’s number, the charge on the proton, Boltzmann's

constant, absolute temperature, electrostatic potential, and ionic strength, respectively. As a
consequence of the above assumption the electrostatic energy levels for a particular protein

chain conformation are given by the formula:
1
E({ﬁ }’{qi }): Ez q,.@({r, })’

where {:;} and {qi} define the spatial coordinates of amino acid residues and the distribution

of charged and uncharged ionized residues along the protein chain respectively.

The usual numerical or analytical (for some simple assumption about the shape of the
protein molecule) way to solve the PB equation is based on the assumption that the protein
charges are separated from the aqueous phase by the protein surface and as a consequence are
part of the interior of the protein molecule. Therefore for the interior of the protein molecule
the solution of the Poisson-Boltzmann equation for the electrostatical potential produced at

coordjnate r, hy a unit charge placed at coordinate r is given in the form

1 .
CD(r,,ri):————+(I>(r,,r,), where the first term is the usval Coulomb term with the

r
£n—n

dielectric constant equal to that in the interior of the protein molecule. The second term is

connected with the dielectric interface between the protein interior and the agqueous phase. The
electrostatic potential CD(q,r}) outside the protein molecule can be separated into two basic

terms which correspond to the interaction of the ionized groups of the protein with the
polarization charges which they cause in the aqueous pbase, and with the atmosphere of the
mobile ions around the protein molecule. A detailed description of the variety of terms in which
the electrostatic potential can be separated, their physical interpretation and the accuracy of the
overall scheme of calculation compared to the experimental data and simple exact scluble

models is well documented.22,23.25,38.39
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QOur approach differs from the above only in its assumption that the ionized groups are seen
as part of the ;aqucous phase rather than the interior of the protein molecule. This point of view
is supported by recent experimental and theoretical molecular dynamic calculations of
dielectric constant of protein molecules.*®4! The mathematical background is the same
linearized Poisson-Boltzmann differential equation, but the solutions now are different. We are
interested in physically simple model solutions of PB equation rather than exact considerations.
This follows from the basic assumption already made in the derivation of self-consistent field.
The external field in equation (8) which acts on ionized groups is averaged over their charge
state. Moreover in the average procedure we do not take into account the correlation between
the jonized residues. Therefore we can use such solutions of the PB equation which are
connected with the most probable charge states for the individual ionized groups. For charged
groups there are three possibilities: to be highly extended toward the aqueous phase; to be part
of the interface between the protein interior and the solvent and to be immersed in the low
dielectric environment of protein interior. It was already shown in the literature that the last
case for single and even for closely interacting charged groups is very unfavorable.26:3042 In
most of the cases they will be neutralized, or if the charged forms are stabilized by some
additional interactions, such as for example hydrogen bonds, they will not contribute to the pH
dependent properties of the other charged groups. This follows from the fact that the
electrostatic potential, which two opposite interacting charges produce, must decrease when
charges approach each other.

In the case when ionized residues are seen as part of the high dielectric medium the
following approximations are made: firstly, charged ionized groups do not interact with the
polarization caused by the other charged groups, secondly, the ionic atmosphere around each
charged ionized group is not affected by the other charged groups and lastly, we neglect the
position-dependence for the contribution of the atmosphere of the mobile ions. As a
consequence the solution of the PB equation outside the spheres of the charges can be
approximated with the well known Debye-Huckel expression and the third term in the
Hamiltonian of electrostatic interactions takes the form:

e’ exp _|r,— wr{‘ia
Ty

g f{rr)as =’ q (10)
=

£ I+—
Ta
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where a is the charge exclusion radius and r, is the Debye radius. Inside the charged spheres

the solution has the form:

__gie _gie |
(D(rl"r)'"8|r_ril e er+a

From the first term, taking the potential on the surface of the charges one can easily derive

the expression for the self-energy of the ionized residues caused by the polarization of the

(g/e)’

solvent medium 3 and from the second term, the seli-energy caused by the mobile ion

‘e)’ o .
atmospher: BT I, x ~——— Taking into account the reference state the second term in
r,ta

the Hamiltonian of the electrostatic energy levels is given by:

a1 (qr"e)2 1
) b L

A, 11
1 2 e r,+a (10

Different considerations are needed when jonized residues are seen as part of the dielectric
boundary between the protein interior and the aqueous phase. The boundary is treated as a
region with non zero thickness described in terms of local density which characterizes the
packing of protein chain portions around ionized groups and as a consequence the dielectric
properties of the ionized residue environment. The modification, which can be derived from
simple physical considerations, concern the charge exclusion radius which is taken to be an
effective radius rather than the actual dimension of the charge portion of the ionized residue,
and the Debye radius of the mobile ion atmosphere.. This can be illustrated in the following
simple example. Let us look at the case when a charge is immersed in the centre of a dielectric
sphere with radius R and dielectric constant &, surrounded by a solvent medium with
dielectric constant €,. The difference of the charge self-energy caused by the polarization of

the dielectric sphere and the surrounding solvent medium is given by the expression:

o 0 2
ap @O’ [__i].[l__ljz(w) (i_LJ
' 2 \& & )\a R 2a,, \& §

If R»>>a, a, =a. It follows that the diclectric properties of local regions around each

residue in the folded protein chain attains that of the infinite bulk medium with the same local
dielectric constant not far from the residue charge. Therefore we can neglect the boundary

effects associated with R, or account for it by the effective radius of the residue charge.
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The above simple analysis allows us to assume the following model, from which a Debye
screening length can be obtained. Let n, be the concentration of mobile ion in the salvent
medium far from the region occupied by the chain. An assumption is made that the interface
between the interior of the protein molecule and the aqueous phase is penetrable for the mobile

ions. The concentration of mobile ions around some ionized residue i is;

. e’ 1 |
n=n - [
© "\ "2, RT \& e,

where £, is the dielectric constant of the solvent. Thus for the Debye length of screening we

have:

As a consequence of the above considerations, for the second term in the Hamiltonian of the
electrostatic energy levels we can again use the Debye-Huckel solution, but now the basic
parameters as charge radius and Debye length are function of the residue spatial coordinates.
For each residue there is a sphere with specific radius from which one can derive the
corresponding effective parameters for the Debye-Huckel solution. For charge radius the
coordinate dependence is very small such that we will keep this parameter constant. Hence the

second term in the Hamiltonian takes the form:
2
2 e 1 1 1 1 1 2
g’y =— | — | — == | = — —— | {g" 12
A (q) 2 [at,ﬁ [s e”] £ rn,+acﬁ.] (q') (12

is the local dielectric constant of

i

1 1 1
where a (— =——--) is the effective charge radius; ¢
a, a4 R

residue i in the folded state of the protein molecule, £ is the local dielectric constant of
residue { in aqueous solution in the absence of all other residues, e is the electronic charge.
The third term in the Hamiltonian now is approximated by the expression:

(fh")‘fa(ﬁ,F,-)‘(q?)=(q.")v e ].exp————ln-ri!,_aeﬁ (qf;) (13)

a.
IE_FJI'EU 1+-2
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e, |? a,
| . In Debye-Huckel theory the term —— begins to

n(S i ) Ty

be important at high ionic strength where the Debye length reaches values of a few angstroms.

where £ =%-(s, +sj) and r, =

But taking into account that part of the space in the vicinity of an ionized residue is restricted

at
for the mobile ions from the protein body, we will account for this by neglecting the term L
]

in the denominator. Further we will neglect 2, unless otherwise specified.

The advantage of the expression (13) is that now the energy between two residues depends
on the local packing around and between the interacting charges from residue groups, which
are far along the chain but close in space to the interacting pair, rather than on the shape of the
molecule.

The interactions between the ionized groups when they are seen as part of the interior of the
protein molecule are reduced to zero because of the zero probability of individual ionized
groups to be in charged form. This strongly reduces the possible errors connected with the
above approximations which in the other case, when the charges are fixed and ionized residue
do not change, their ionization state will be very great when we move from the aqueous phase

toward the interior of the protein molecuie.
Local dielectric constant and local packing density

The main idea of the model for calculation of dielectric constant £(F) is that a dielectric

constant £, equal to that in the protein core, is ascribed to each amino acid residue. Chain
conformations form different kinds of residue distribution in space .So we have the following
picture: small particles with intrinsic dielectric constant £, are distributed randomly in a bulk
medium with diclectric constant &,. The electrical field is averaged in a volume bigger than the
irregularity of residue distribution. For such a mean electrical field the bulk medium together
with randomly distributed particles is treated as isotropic and a dielectric constant may be
involved.*3 An exact result can be obtained in two cases:
) a(F)<<1, &, and &, are arbitrary
3(£| —&, )

14
€, +2¢, (14)

e(F) =€, +a(F)-
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where &(F) is expanded about »(7)} and corrected to first order.

2) le, —&,| <<€, +¢,

8(?):5—353%) ,e=€ +n(F)-(e,—¢,) (15)

Equation (15) may be transformed in the form:
s(F):E—n(F)-(l—n(F))-% (16)
where
8(e)’ = (1-n(?)-(Be,)’ +n(r)-(Be,)’
&, =€, —£=n(F)-(e,-¢€,)
&, =¢, —E:(lw(:‘r‘))-(.s2 ~g)}

On the basis of equations (14) and (16) we take the following approximated form:

8(;)=E_n(;:).(1_n(;:))._(81__£2) (17

£+e, +€,
where £(F) runs between &, and £, when n(F) runs between O and 1 (see fig.1).

For the determination of local density each residue is placed in the center of a sphere with

suitable radius and the average volume density is taken in the form:
m(7) =S5 o(R-Jr 7)) 77 -7|.2) 18)
]

J

R

£z -7l R)=1-
V = [4mAF? - f(AF,RYAF , 0<[f -7|< R
B(R—|F,.—r'j.|)=0 if[§ —F|>R and e(R-|f.-a.|)=1 if | -7 < R
where i is the number of the residue along the chain; v, is the volume of residuc i;

B(R - ir‘r} - ﬁ') takes into account only this group of the chain which contributes to the density

inside the sphere, f (|E - ﬂ| R) is the weight radial factor inside the sphere.
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Figure-1 Diclectric constant as a function of local density. The theoretical curve is represented as ( )
(see equation (17)). Linear relationship {(— — —) between the £ =4 and £ =80 is given as a comparison and

has the form: £=€,, +1-{g, — &, ), whete n is the focal density.
RESULTS AND DISCUSSIONS

Numerical test on small model systems

Two interacting titratable groups.

We consider a detailed physical picture of a self-consistent field approach on a simple model
of two interacting titratable groups.#> The Tanford-Roxby approximation?® works quite well
for weakly (< | keal/mol) interacting groups but breaks down when groups with similar pKa's
interact strongly. The Monte Carlo sampling technique was also tested on the model of two
interacting titratable groups.# The usual Metropolis algorithm is shown to converge far more
slowly because of the energy barriers between states of low energy, causing the Monte Carlo
trajectory to be trapped in a local minimum. When two ionized groups change their states at
one Monte Carlo step the results are in excellent agreement with the exact solution. Our
approach is also a mean field one, but it differs from the Tanford-Roxby method and gives fully

compatible results with exact solutions up to coupling energies of 2.3 kcal/mol. For higher
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coupling energies the results are similar to those of the Tanford-Roxby approach. However for
coupling energies between 2 and 2.3 kcal/mol the minimization process becomes unstable. The
comparison between the results of the present study and that of Tanford-Roxby* as well as the
exact solution on the individual average charges at 2 and 2.76 kcal/mol is given in fig.2 A.B.
The main result from fig.2 is that above 2.3 kcal/mol the curves diverge from each other in
the region of pH values where they are half ionized. From equations (7) and (8) one can find a
simple analytical expression for the equilibrium free energy as a function of the average charges

of the titratable groups relative to the reference state of zero energy interaction:

-0 i
-0.24
-0.34
-0.44
054
-0.63
-0.7¢
0.8
094

fraction ionized

0§
-0.14
-0.2
-0.34
-0.44
-0.54
-0.54
-0.74
-0.8
-0.94

ionized

fraction

Figure-2. The individual titration curve of twa identical ionized residue having pK,, = 5.0 and coupling

energy 2 and 2.76 kcal/mol. Fig.2A-titration curve at coupling energy 2 kcal/mol; (----) calculation was by the
self-consistent field approach; { ) calculation was done with the complete statistical method. Fig.2B-

titration curve at coupling energy 2.76 keal/mol; {----} calculation was by the Tanford-Roxby4 approximation;
{ ) calculation was by the self-consistent field approach, the middle line represents the case where the
minimization of free energy start with equal fractional charges for the ionized groups; (®) calcniation was done
with the complete statistical method.
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F 1+ exp(72.303q| b (pH - pKl))
RT In % Ex(q,) *
L+ exp{-2.303¢, x (pH - pK,})x exp{—q—'—qu]
n 1+ exp(-2.303g, x (pH - pK,)) (9.)x E x{q,) (19
E RT
1+ n*.‘)cp(—2.301’;cj'2 x {pH ~ pK, )) X exp[ﬁg—z—%—;—@'f))

where pK, and pK, are the intrinsic pKa's of the groups while £ is the sign-independent
interacting energy in kcalimol. Because we are interested in the case where ionized groups are
half jonized, there is an additional condition which has the form <41) + (q2> =1. The

equilibrium free energies for coupling energies of 2 and 2.76 kcal/mol, as a function of the
average charges, are shown in the fig.3 A B.

At coupling energies between 2 and 2.3 kcal/mol the free energy minimum becomes very
wide and the minimization process does not converge well. At higher coupling energies (Figure
3B) a second free energy minimum is attained. If the coupling energy is increased further, the
separation between the minimums also increases: when we consider the fractional ionization of
the groups, we reach a situation where one of them is fully charged while the other is
uncharged. After the first 1 or 2 steps the minimization trajectory entirely lying on the free
energy curves obtained by the equation (19} along the main diagonal of the square phase space
as is shown on fig.3A,B. Depending on the starting conditions the minimization trajectory can
be trapped in one of the local free energy minimums, or can be kept on the top of the free
energy barrier. As a consequence of the entirely symmetrical potentials, which each group
produce on the other the minimization trajectory, degeneration into a single point occurs.

Al low pH values the fractional ionization of the groups is small and as a consequence the
effective average coupling energy is smaller than 2.3 kcal/mol. Therefore at these pH values
the free energy has one minimum. At high pH values the fractional ionizations of the ionized
residues are close to 1, but in these conditions the coupling energy is only a small perturbation
to the individual probabilities of each of the ionized residues to be in the charged state when
there is no interaction between them. Hence at these pH values the free energy also has one
minimum. Physical interpretation of self-consistent minirization of free energy can be given on

the basis of the definition of the entropy of nonequilibrium systems,# The minimization
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process can be seen as some kind of equilibrium kinetic which depends on the starting point in

the phase space.
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Figure-3. Equilibrium free encrgy as a function of the average charges of two identical ionized groups with
PK,, = 50; fig.3A-coupling energy 2 kcal/mol and fig.3B-coupling energy 2.76 kcal/mol, The coupling
energy 2 kcal/mol represents the critical value above which the free energy minimum is degenerate.
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Each point on the minimization trajectory represents a nonequilibrium state, whose selection
is realized under a self-consistently determined molecular field. This field restricts the system in
some region in the phase space, the volume of which represents the entropy of the
nonequilibrium state. Therefore, the entropy of the system in the external field can be

represented in the form:
§™ et =(F M (@) /RT
where the external field @ is averaged using the Hamiltonian in which the external field is
already included. Thus, the non equilibrium free energy of the system has the form:
Fomet | RT=(E), /| RT - S5" (20)
When one of the groups is acidic and the other basic there is no upper limit, self-consistent
and exact solutions are identical everywhere. The exact solution according to the chosen

reference state can be represented as follows:

o 14w x W, x| exp- DX EX
RT RT

cxp(—2.303>< G190 X (pH -pK, ))
].+exp(72.303x q,, X (pH -pK , ))

where W, , = are the probability of the ionized groups in

the reference state.

Ten Interacting Titratable Groups

The model system of ten ionized groups was first proposed and investigated in detail by
Bashford and Karplus3 who introduced the reduced-site approximation. Thereafter the model
was widely used as a test for novel approaches. Therefore the model is useful for a comparison
between different approaches. The basic idea of the reduced-site approximation method is to
use the exact statistical mechanical calculation over a subset of titratable sites. The reduction of
the number of titratable groups is based on the fact that not all will titrate at a pH of interest if
their pKa's have a broad distribution over the range 4 to 10, which is typical for protein
molecules.

The basic assumptions of the model are as follows: pKa's of the groups are randomly and
uniformly distributed in the range 4.0 to 10.0, and the groups are randomly assigned as basic or

acidic with equal probability. All self energies are set to zero. The accuracy test is assessed by
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the root-mean-square and maximum deviation relative to the exact sclution. The test
procedure is separated in two parts: in the “strong coupling” case-the pair interactions are
randomly and uniformly distributed in the range of 0.69-2.1 kcal/mol.; in the “moderate
coupling” case- the pair interactions are randomly and uniformly distributed in the range of
0.138-1.1 kcal/mol.

Because of the additive way in which the parameters of the system, pKa's of the different

groups, pH and the pair interaction terms £, appear in the Hamiltonian of the system, there is

ﬁ 1
some kind of translational symmetry relative to the pH. For example pK and pH always are in

combination (pH — pK) multiplied by some constant. Therefore if all the pKa's are changed by

the same value A, the system can be kept in the same state by changing the pH in the opposite
direction -A. Therefore all caiculations are made at pH=7 over the total of 3000 sets of

randomly generated pKa's and E;; for the strong and moderate cases respectively.

The results for strong and moderate cases are shown in fig.4A,4B. The histogram bars
represent the results taken over all 10 titratable groups in all 3000 'molecules’ relative to the
average charge 0 of the individual groups.

From fig.4A and fig.4B we see that for the strong and moderate cases, the maximum errors
of the self-consistent field approach are similar to that of the Tanford-Roxby mean field
approach. But the average errors are similar to that of reduced-site approximation, especially
for the moderate case, where at the extremes of 8 intervals, the self-consistent field approach
gives better results.

This can be easily explained. The upper limit for the site energy in the case of repulsive
external field is 2 kcal/mol above which the self-consistent field fails. On the other hand, the
results depend strictly on the distribution of titratable sites as either acidic or basic. For
uniform probability distribution, the most probable is the 50%:50% acidic against basic groups.

As such conditions depend on the character of the distribution of pair energy interactions E;

the titratable sites are influenced by the attractive or close to zero repulsive fields, where the
self-consistent field approach and the exact solution give essentially the same results. The
maximal errors in fig.5A,5B show that at high repulsive interactions the self-consistent and
Tanford-Roxby approaches give very similar results. The assumption that for the uniform
distribution in most cases, the resulting field which acts on a particular site is close 1o zero, or

is an attractive field, can be illustrated by the Cluster field approach described above. In this
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approach the states with the resulting repulsive fields are ignored because the unshifted pKa
states are more probable. The deviations from the unshifted pKa states are taken into account

only in the resulting attractive fields. The results are summarized in Table 1.
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Figure-4. tig.4 Average and maximum errors of Tanford-Roxby5 (gray bars), reduced-site approximal’.ion5
(black bars} and self-consistent field (white bars) for ten interacting groups. Errors are defined as the difference

between the exact © values and that of the corresponding approximation. For self-consistent field the
calculations are made for all of the groups of the 3000 random ‘molecules’ as explained in the text. Fig.4AB
represent the strong and the moderate case of coupling energy between the titratable sites, respectively.

The alternative way to view these results is directly connected to the central idea of the
reduced-site approximation.> From equation (8) it follows that the field acting on a particular
site is a sum of terms each of which is proportional to the probability that that particular site is
in the charged state. Therefore at any given pH only sites which are more likely to be in the

charged state will contribute.
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Table I
Test on small model Systems
charg_fraction free nergy kcal/mol
Method Coupling Average Maximum Average Maximum
emor emor etror emor
Predominant state approx  Strong 0.240 1.200
Moderate 0.097 0.520
Cluster method Strong 0.022 0.170 0.077 0.310
Moderate 0.006 0.062 0.G24 (1140
Self-consistent field Strong 0.044 0.220 0.290 2,400
Moderate 0.015 0.096 0.106 0.850

This is also very close to the cluster and predominant methods.3¢ Cluster method separates
titratable groups into clusters and treats intra-cluster interactions exactly, but intercluster
interactions approximately. The predominant method takes into account single highly occupied
ionization states. The comparison with these methods allow vs to include not only the
fractional charges but also the free energy of the system. The results are summarized in Table
IL

Table II
Test on small medel Systems
Self-consistent field Cluster field
strong coupling moderate coupling strong coupling moderate coupling

Average Average Maximum _Average Maximum Average Maximum Average Maximum
charge error error error error ereor etror error error
0.0-0.1 (.007 0.064 0.003 0.033 0.060 0.980 0.034 0.620
0,1-0.2 0.010 0.137 0.004 0.049 0.046 0.79¢ 0.038 0.600
0.2-0.3 0.011 0.176 0.003 0.046 0.030 0.760 0.029 0.590
0.3-0.4 0.012 0.220 0.002 0.054 0.047 0.650 0.026 0.500
0.4-0.5 0.007 0.145 0.002 0.053 0.027 0.480 0.024 0.420
0.5-0.6 0.008 (.176 0.003 (0.060 0.025 0.047 0.027 0.430
0.6-0.7 0.014 0.198 0.004 0.096 .030 0.390 0.023 0.340
0.7-0.8 0.010 0.148 0.005 0.084 0.018 0.250 0.020 0.270
0.8-0.9 0.013 0.139 0.005 0.058 0.017 (.180 0.015 0.180
0.9-1.0 0.007 0.069 0.003 0.032 0.009 0.095 0.008 0.080

The free energy obtained by the predominant and the sell-consistent field approaches are

very close to each other because both are based on the most probable state of the systern. But
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for the average charges the self-consistent approach gives very close results to that of the
cluster method both for strong and moderate cases. For the free energy of the system the

cluster method is considerably more accurate.

Test of Debye-Huckel Expression for the Electrostatic Pair Interactions on Aliphatic
Dicarboxylic Acids: Determination of pK, Shifts

The model calculations are based on the following assumptions: first-carboxylic groups of
the dibasic acids are seen as low dielectric regions which at close distance give the contribution
to the atom density around each of their effective charges; second-only the closest CH2 group
gives contribution to the atom density around carboxylate charges when the number of

intervening methylene groups is greater than 2. The radins of the sphere inside which the atom

density around the charges is calculated by the equation (18} is 51& . Because of the symmeltry
at this radius the carboxylic groups in oxalic acid are half screened by each other. The infinite
long dibasic acid is chosen as the reference state.

The calculations are carried out using their X-ray coordinates of the dibasic acids. A

dicelectric constant 2 is assigned to each atom of the dibasic molecule and the atoms are

represented by their van der Waals radiuses: R.=17A, Ry, =19A, R, =15A. The
surrounding solvent is treated as a continuum with a dielectric constant 80.0. The charges of
carboxylate groups are placed in the middle between the anionic oxygen atoms. Electrostatic
interactions between the charges are approximated by the Debye-Huckel expression and
because there are not dissolved electrolytes in the solvent the Hamiltonian of the system takes
the form:

332 166{1 1]
E=—"C"4 " ———|,
EXFr a \E &

where dielectric constant £ is determined by the equation (17), ris the distance between the

charges of carboxylate groups, £,1s the dielectric constant of carboxylate groups at their

o
reference states and a =2 A is the effective radius of the charges.
The exact statistical mechanic and self-consistent field expressions for the pK shifts are

given by:
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| m{ quﬁpﬂ-pk}}wm( 23(}3qu5;:;£1-ij+£}

Apk™ = 2303 ]+u‘{_23€ﬁqu(pﬂ—pl()} ~¢x(pH~pK)
RT
self —oons. q X q) : . .
ApK =303 RT’ where @ is defined by equation (8).
- X

The results are summarized in Table 111-A where for comparison we give the calculations
obtained by the FDPB method, Coulomb pair interactions with dielectric constants £ = 80.0

and £ = r x 10 taken from the paper of Rajasekaran et, All.42

Table III-A.
pKa shifts in dibasic acids
pKa shifts

dibasic experimental  self-onsistent exact FDPR £=80.0 £=T

acid{n} field
oxalic acid(0) 2.36 1.71 1.70 541 0.98 2549
malonic 2.26 2.41 2.40 242 0.83 18.47
acid(1)
succinic 0.84 0.70 0.71 0.82 0.58 9.00
acid(2)
glutaric 047 0.54 0.56 0.49 0.47 5.98
acid(3)
adipic acid(4) 0.38 0.44 0.47 0.37 0.40 4,14
pimelic 0.34 041 0.41 0.30 0.35 315
acid($)
suberic 0.28 0.36 0.36 0.27 0.31 2.49
acid(6)
azelaic acid(7) 0.26 0,32 0.32 0.24 0.27 1.89

The results are in very good agreement with the experimental data. The deviation in oxalic
acid as already was noted are more probably connected with the sensitivity of the calculations
to the radius of the atoms when the charges are close. In the work of Rajasekaran et. all*? a
value 1.87 have been proposed for the C-atom and a value 2.55 for the pK shift was obtained.
With this correction our calculations give value 2.37 for the pK shift which is in an excellent
agreement with the experiment. A little deviation in the case of long dibasic acids comes from
the fact that the effective radius inside which the atom density is calculated is constant. In real
dibasic acid with increasing the length between the carboxylic groups the dielectric constant
have rapidly to increase to that of the solvent 80.0 as can be seen in Table III-A in the column
of pK shifts calculated by the dielectric constant 80.0 and their correspondence to the

experimental data.
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Test of Debye-Huckel Expression for the Electrostatic Pair interactions on Subtilisin:
Determination of pK, Shifts of His64 on Removal of Asp99 and Glul5é

A set of different residue volumes is used to analyze the influence of the permanent dipole
of polar parts of the residue groups. The volume of amino-acid residues and some of their
atomnic groups are given in table IIL.45 Spatial coordinates of residues are given by the centre of
mass of their heavy atoms. The volumes used in calculations are divided into four groups. In
the first group residues are taken as a whole; in the second group the volume of the polar part
of side groups are subtracted; in the third group the volume of amino and carboxyl groups are
subtracted; in the fourth group residue volumes are taken to be zero. In each group the residue
centre of mass is defined between the remaining heavy atoms after deletion of the polar parts.
In such a way it is possible to account for the influence of the polar parts of the residue on the

dielectricconstant.

Table ITI
Residue pK54 and volumes®)
>3
volume(A )
residue group | group 2 group 3 pK
A 88 88 55
C 108 77 44 9.3
D i1l 80 47 4.5
E 138 107 74 4.6
F 189 189 156
G 60 60 27
H 153 121 88 6.2
I 166 166 133
K 168 155 122 104
L 166 166 133
M 162 162 129
N 117 104 71
Y 193 184 151 9.7
P 122 122 89
Q 143 130 97
R 173 131 98 12.0
5 89 80 47
T 116 107 74
A% 139 139 106
W 227 27 194

The centre of mass of the polar parts of the residue represents the spatial cordinate of

residue charges and is defined between the heavy polar atoms. Local density around each
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o
residue charge is calculated in the sphere with radius 8 A with the space coordinate of
nonpolar parts. The internal dielectric constant of residue groups in the case of nen zero

volumes is 4, the dielectric constant of the solvent medium is 80. The effective radivs of the

charge of ionized residues is 2 A .

A detailed experiment using site-directed mutagenesis has been carried out on subtilisin in
order to evaluate the pK shifts on His64 in the active site of the molecule, caused by the
replacement of Asp99 and Glu156 by serine residues,3.35 Subtilisin is an excellent example for
our test for the following reasons: Firstly, it is a relatively large protein with 275 residue

groups among which 44 can ionize including the 'N' and 'C' terminus and the distances between

the different pairs vary between 4}‘3’& and 4511. Secondly, this protein is already tested? on the
ability of various theoretical methods to reproduce experimental data and this allows
comparison of the present approach with already existing methods. Thirdly, the available
experimental data obtained by Fersht and coworkers®35 covered a very wide range of ionic
strengths which is very suitable for estimating the ability of the present approach to reproduce
the ionic strength effects. The results of this approach and that of other methods, taken from
the paper of Gilson and Honig2, are surnmarized in table [V and table V. Calculations are
carried out on the X-ray coordinates of the subtilisin molecule taken from the file 1sbt from the
PDB data bank. In the file, lsbt Asp99 is inverted with Ala98. In order to make our
calculations compatible with that in the paper of Gilson and Honig we have used the same
coordinates for Asp99 obtained by these authors. Table IV includes the results of the removal
of Asp99, while in Table V, the results are summarized for the removal of Glul56, From the
paper of Gilson and Honig the results chosen are obtained by the Tanford-Kirkwood (TK) and
detailed PB methods. The TK method is carried out at three different depths for the charges,
which is very similar to our test on different volumes of residue groups. What is more
important is that all three methods are solutions of the linearized PB equation. TK and detailed
PB are based on the asswmption that charges are part of the low dielectric environment of the
protein molecule and TK approximates the protein as a sphere, while the detailed PB takes
advantage of detailed protein shape. Qur present approach is based on the assumption that
charges are part of the high dielectric medium. From the physical point of view, the solutions
of PB outside and inside the protein molecule have to converge when charges are close to the

protein boundary from both sides. This is exactly what one can see in table V and table VI. OQur
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results with zero volumes are close to the TK with depths 01A while those with volumes of

group-3 are close to the TK with depths 1OA . In the tables V and VI the values obtained in
parenthesis include the Stern layer around each ionized residue. The thickness of the Stem

layer cannot be varied to any great extent because of the restriction from the packing of

residue groups. The maximal value is 1.51;&. The results obtained with the Stern layer are better
and cover the experimental results over the whole range of ionic strengths. The root-mean-
square error of self-consistent and cluster field approaches relative to the experimental data in
the case of Asp99 removal is 0.08 and in the case of Glul56 removal is 0.06, which can be
compared with the experimental error + 0.06.26 For TK and DPB these values are 0.097 and
(.09 for Asp99 and 0.06 and 0.05 for Glul56. In conclusion, from the present results it follows
that the solutions of PB with charges placed outside the molecule interior can be approximated
with sufficient accuracy to the modified Debye-Huckel expression which depends on local

characteristics rather than on detailed protein shape.

Table IY
His64 pK shift caused by the removal of Asp99
Ionic strength (M)

Method 0.005 0.010 0.025 0.100 0.500
Experiment 333 0.38 042 0.36 0.26 0.1
Self-consistent field 0.19{0.20) 0.17(0.16) 0.11(0.14) 0.06 (0.10) 0.01(0.02)
{Zero residue volumes)

Self-consistent field 0.31¢0.34) 0.28(0.31) 0.22(0.26) 0.12(0.16) 0.05(0.05)
(residue volumes from group 3)

Cluster-field 0.2140.21) 0.16(0.16) ¢.13(0.13) 0.05(0.08) 0.01 (0.02)
(zero residue velumes) -

Cluster-field 0.31¢0.34) (.28(0.31) 0.22¢0.26) £.12(0.16) 0.03(0.05)
(residue velumes from group 3)

Detailed Poisson-Boltzmann 0.31 0.29 0.25 0.18 010

(Stem layer=20 A . ¢ =2+ ¢. =80.0)
» .
Tanford-Kirkwood 0.24 0.19 0.15 0.09 0.04

1
(depths=0.1 A . £,=21€,= 780)
Tanford-Kirkwood 0.26 0.21 0.17 0.12 0.07

{(depths=0.5 A , g,=2 €, = 78.0}
Tanford-Kirkwood 0.32 .27 0.24 0.19 0.14

(depths=1.0 ;\ g, =28 = 78.0)

£, - an interior dielectric constant of the protein molecule; €, - solvent dielectric constant; pK shifts of His64

are represented by their absolute values.
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Table V
Hisé4 pK shift caused by the removal of Glul56
Ionic strength (M)
Method 0.001 0.010 0.025 0.100
3,35
Experiment 0.39 0.42 041 0.25
Self-consistent field 0.24 (0.25) 0.17¢0.18) 0.14(0.17) 007 (0.1D)
(zero residue volumes)
Self-consistent field 042 (044 033037 0.27(0.32) 016 (0.21)
(residue volumes from group 3)
Cluster-field 027 (0.29) 0.14¢0.18) {.12(0.16) 0.05 (0.09)
(zero residue volumes)
Cluster-field 043 (0.45) 033(037) 027(032) 0.16(0.22)
(residue volumes from group 3)
Detailed Poisson-Boltzmann 0.42 037 0.34 0.27
(Stern layer=20 A , £,=2- £, =800)
Tanford-Kirkwood 0.28 0.23 0.19 0.12
{depths=0.1 R E, =2.g, = 7R.0)
Tanford-Kirkwood 0.31 0.26 022 0.16
[
(depths=0.5 A , £, =2, £, = 78.0)
Tanford-Kirkwood 0.39 0.34 0.31 (.25

(depths=1.0 ;\, £,=2.£,=780)

Titration Curves

The self-consistent field approach is applied to determine the total average charge of native
proteins at different pH and room temperature as well as the free energy difference between
the native and denatured states. We chose three proteins which had been well-studied in
previous experiments: lysozyme?6, ribonuclease-A47 and ribonuclease-T1.4% For the last two
proteins (r nasa A and r nasa T1} there are excellent experimental studies” which allow
comparison of the theoretical results with those of the experimental data of the electrostatic
contribution to protein stability. For lysozyme only the titration curves of the native and
denatured forms are used.*6 The crystallographic data are taken from the Protein Data Bank:
lysozyme file 7lyz,3 ribonuclease-A file 7rsa,*? ribonuclease-T1 file 3rnt.5

Titration curves of ribonuclease-A and ribonuclease-T 1, in addition to that of lysozyme, at

different ionic strengths, are shown in fig.5 and fig.6 respectively.
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Figure-5. Experimental () and calcufated titration curves of Ribonuclease A%7 and Ribonuclease T148 at
different ionic strengths: 0.1{A); 0.01(B}; 0.15(C); 0.03(D); 0.01(E). Theoretical curves: ( ), calculated at
volume group 1 (see table IID); (- - - -) calculated at volume group 2; (———) , calculated at volume group 3;
¢ 3, calculated at zero volumes.

The pH dependence of total average charge is obtained from the expression of free energy

i

in the molecular field: F'= F, , where F, is the free encrgy of residue i in the molecular
field ®(7).
an
"3 6pH 2 3 Z &

It is seen that in the case of R Nasa A and R Nasa T1 the best fit with experimental results
is obtained with zero residue volumes. Therefore the ionized residues are seen as part of the
high dielectric medium. Lysozyme shows some deviation from this picture. The best results are
obtained at second and third volume groups, as it shows lower polarity. This difference
hetween the dielectric properties of proteins can be explained if the distributions of ionized
residues among the local dielectric constants are observed. These distributions are shown in the

fig.7 where the proteins are compared at each volume group.



58 Chapter 3-Self-Cousistent Field Approach to Protein Structure and Stability

A B
20 20
15} 15
Y o
2 wf 2 1
o @
i - =
[&] o >
L L
o ° L s
= =
0 0
® 1 2 3 4 5 6 7 8 9 10 1 12 © 1 2 3 4 5 6 7 8 8 10 11 12
pH pH

Figure-6. Experimenlal46 and theoretical titration curves of hen ¢gg lysozyme. For the native form
cxperiment (®) is at ionic strength 0.1(A), for the denatured form at 6M GuHCI. Theoretical curves are
calculated as follows: ( 3, calculated at volume group 1; (- - - -), calculated at volume group 2; (— — ),
calculated at volume group 3; (; ), calculated at zero volumes.

In fig.7A,B,C the distributions are obtained over all of the residues along the chain:
e
N(e)= ZM , where 4< g <80
ad
where n(g, ) is the number of residues with the same local dielectric constant £, and N is the

length of the protein chain. In fig.7D.E,F the distributions are only over the ionized residues.
Although lysozyme is more compact as a whole, as is seen from fig.7A,B.C, it's ionized
residues are associated predominantly with the aqueous phase rather than in R Nasa A and R
Nasa T1-fig.7D,E,F. There is also an influence from the screening effect of the mobile ion
atmosphere. Therefore a lower polar environment around ionized residues is necessary to
compensate for the decrease of electrostatic interactions. As can be seen from fig.5A and fig.6
this effect is greater below and above pH=4 and pH= 5[0, respectively. Within these ranges
we have 2,3-RT-q; -(pH - pKi) 2 0 for both. At low salt concentration the Debye screening
length is much longer than the effective radius of residue charges, such that the interaction of
ionized residues with mobile ions can be neglected. Thus the probability of the charged form of
the residue when pH== pK depends only on the self energy of the Born transferring value and

the electrostatic interactions between the titratable groups. Born effects always decrease the
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robability of the charged form, whereas electrostatic interactions stabilize the charged form of
acidic residves at pH=4 and for basic residues at pHz10.

Regions of the chain which are rich in ionized residues (loops or bends) are located on the
surface of the protein globule. The deviation between different proteins comes from the depth
of immersion of these parts inside the globule, It can be observed from fig.7D.EF, where

N(g) changes approximate linearly with £ and from one protein to the other, there is a shift

along the ordinate.
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Figure-7. Local dielectric constant and it's distribution along the protein chains of Lysozyme (: ), RNasa
A (-~ - - -)and R Nasa Tl (— — —). In the case of A, B and C all residues along the chains are taken into

account while in D, E and F only ionized residues are taken into account. Volume groups are represented as
follows: A and D - group 1; B and E - group 2; C and F - group 3.

In fig.5B the experimental titration curve of the denatured form of lysozyme is given in 6M

o
GuHCI. In this case, the Debye screening length is approximately 1 A. In these circumstances,
even the ionized residues closest along the chain cannot interact. The overall charge of
lysozyme depends on the individual titration of each ionized residue. In contrast, in the

situation of low salt concentration, the Debye-Huckel self energy term from the mobile ion
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environment now contributes a significant role to the stabilization of the charged form of

restdues.

Protein Stability

Free energy differences between the native and denatured states of R Nasa A and R Nasa

T1i, shown in fig.8, are obtained by the minimization of equation (7):
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Figure-8. Electrostatic part of the free energy difference between the native and denatured states of R Nasa
A and R Nasa T1. Experimental data’ (®) for R Nasa A(A) are at ionic strength 0.15, for R Nasa T1(B) at
ionic strength 0.1. Curves are calculated at zero residue volume: ( ) ionic strength 0. 15(A) and 0.1(B}; (-
- = =) ionic strength 0.03(A); {——) ionic strength 0.01{A and B),

The use of PDB space coordinates shows that local motions of residues do not disrupt the
good relationship between the theoretical and experimental results (fig.5 and fig.6). However
in denatured states the picture is different. Long-range pair contacts have an entropic
contribution which is restricted only by the chain length placed between them. The
characteristic length connected with the electrostatic interactions can be introduced on the
(E,)-RT-S,
-

i

assumption that = 1. Therefore we have Ar, = . where E; is the

electrostatic interaction between the residues i and j. A simple estimation based only on the

E, “
(_R-Ifz shows that (Ar,;,) =8 A. In the denatured form, only the electrostatic interactions
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between residues can be considered which are close within the chain but not further than 3

residues apart. Because in this situation the deviation of X (distance between the ionized

residues along the chain) is small, relative to that in the native state, it is possible to
approximate the denatured state using the coordinates from the native form. Minimization of
free energy is also based on equation (7). Thus, the electrostatic part of the free enerpy
difference between the native and denatured form is expressed as:
AF S = prave _ pdenat

The experimental results in fig.8 are obtained assuming that the total free energy difference
(including not only the electrostatic interactions) is proportional to the concentration of
denaturant. The expected values of free energy can be obtained by extrapolation to zero
concentration of denaturant. If it is assumed that the non electrostatic part of the protein chain
interactions in the denatured state does not change on average from one conformation to the
other it is possible to anticipate that the electrostatic part of the free energy is shifted at
constant values =0 relative to the experimental one. This is observed in fig.8. With decreasing

ionic strength the free energy minimum becomes sharper and deeper.
pKa Shifts

For several proteins such as bovine pancreatic trypsin inhibitor, ribonuclease A
ribonuciease T1, hen egg white lysozyme and T4 lysozyme, detailed experimental data on the
individual pKa's are available. In this study, we present the results based on the self-consistent
field and cluster field approaches, and, where available, the results reported by the other
authors. The calculated pKa sets for each protein are compared with the experimental data
using the root-mean square deviation. From the analyses of the section on titration curves and
protein stability, the pK caleulations are carried out as follows: for hen egg white lysozyme the

volumes of group-3 are used; for all other proteins zero volumes are used. Apart from

ribonuclease A where the Debye radius is 6.8;\, a value 8.01& is used for other proteins in
order 1o fit the experimental conditions.

Table VI A, B presents the results on pK shift calculations for triclinic and tetragonal crystal
forms of HEWL.. In both cases, self-consistent field gives higher values for the r.m.s. compared
to the null model. Explanation for this result is the incorrect predicted pK shifts of Tyr23 and

Tyr53. This occurs because close to each of these tyrosine groups there are basic ionized
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groups as follows: Arg44(5.32f\) and Arg60(7.7‘11;) around Tyr23; Arg61(12.91§&),

Argd5(9.9 A ) and Arg68(87 A ) around Tyr53.

Table VI
A. pKa's in triclinic crystal structure of lysozyme
Model
Residue Expt. 3o Null Self-consistent  Cluster field Antosiewicz Yang and  Bashford anc
field etal Honig” Karplus”

Lysl 10.6 10.4 11.3 11.4 10.1 10.2 a.6
Glu7 26 44 25 2.5 11 34 2.1
Lysl3 10.3 10.4 11.6 11.8 10.7 12.0 1.6
Hisl5 5.8 6.3 54 59 51 6.7 4.0
Aspl8 2.8-3.0 4.0 3.0 3.0 29 4.0 3.1
Tyr20 10.3 9.6 10.6 10.1 14.2 14.0
Tyr23 9.8 9.6 14.4 11.6 9.7 11.7
Lys23 104 10.4 99 10.3 10.5 10.2 9.6
Glu3s 6.1 4.4 4.1 4.0 4.4 5.6 6.3
Asp4B 4.3 4.0 2.8 2.8 34 1.6 1.0
Asp52 3437 4.0 39 7 34 5.2 7.0
Tvr53 12.1 9.6 16.2 12.1 11.0 20.8
Aspbb 1.5-2.5 4.0 34 34 2.1 3.1 1.7
Asp87 3.5-3.75 40 2.6 2.6 2.6 1.6 1.2
Lys9¢ 10.7 10.4 0.4 10.8 .2 10.5 10.4
Lys97 10.1 10.4 10.7 10.9 11.0 11.4 10.6
Aspl01 4.0-4.5 4.0 3.2 11 3.9 6.4 79
Lysl16 10.2 10.4 10.1 10.5 140 10.6 99
CTER 2.7-3.1 18 2.8 2.7 29 2.6 23
rm.s.d. LO 1.65 0,95 0.67 1.3 2.7

Expt. - experimental pKa's (Kuramitsu and Hamaguchi * , Bashford and Karph.ls22 ); Null - intrinsic pKa's;
r.m.s.d. - root-mean-square deviation; CTER ,NTER - 'C' and 'N' terminus of the chain; "<x" - the deviation is
set to zero and computed relative to "x” if the calculated value is greater than "x"; - "<x<" - the deviations are
computed relative to the midpoint.

This is the situation when at low dielectric environment and high repulsive interactions the
self-consistent field leads to errors. If these two groups are not accounted for in the r.m.s.
estimation the result is exactly that of the null model. This implies that only the closest amino
acids in the space contribute to such effects.

The cluster field approach can correct for such basic environment of tyrosine groups but
nevertheless the overall r.m.s. deviation is still slightly lower than that of the null model. One of
the reasons is that all ionized groups are seen simultancously as part of the solvent or

boundary. This is appropriate for our analysis of the approximations made in the solution of the
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a3

PB equation but at lower dielectric constants, overestimation of some of the short-range

interactions occurs,

Table VI
B. pKa's in tetragonal crystal structure of lysozyme
Maodel
Residue Expt. ~"*° Nall Self-consistent Cluster field Antosiewicz  Yangand  Bashford and
field et al Honig"' Karplus™
Lysl 10.6 10.4 11.4 11.5 10.8 12.1 10.8
Glu? 2.6 44 2.6 2.6 3.0 24 1.2
Lysl3 103 104 11.8 11.9 11,4 11.5 10.1
Hisl 3 5.8 6.3 4.9 59 4.8 5.6 24
Aspl8 2.8-3.0 4.0 3.1 31 3.4 3.0 26
Tyr20 10.3 9.6 12.2 11.1 9.6 12.1
Tyr23 9.8 9.6 15.5 12.0 9.4 10.1
Lys23 104 104 9.8 10.3 10.2 104 7.7
Glu3s 6.1 44 4.2 4.1 4.4 5.4 62
Aspd8 4.3 4.0 34 13 33 16 1.6
Asp52 34-37 40 4.2 19 52 7.2 8.5
Tyr53 12.1 9.6 15.7 11.8 11.2 18.8
Aspbb 1.5-2.5 4.0 18 18 28 5.6 22
AspB7 3.5-375 4.0 2.8 2.7 29 2.2 0.8
Lys96 10.7 10.4 10.1 10.4 10.9 10.0 8.9
Lys97 10.1 10.4 106.7 11.0 16.8 11.0 8.4
Aspl01 4.0-4.5 40 i3 i3 4.3 6.8 4.3
Lysl16 10.2 10.4 16.0 10.4 104 10.4 9.7
CTER 2.7-3.1 3.8 2.5 2.5 240 0.5 2.2
ran.s.d. 1.0 1.84 1.0 0.83 1.7 2.5

It is clear that the same difficulties also exist for other methods as can be seen from table VI

AB. Only the PB approach of Antosiewicz et all significantly beats the null model. Table
VILVIII and IX show the results on pK shift calculations for BPTI, R-Nasa A and R-Nasa T1

respectively. The results are in excellent agreement with the experimental data. For BPTI in

table VIII the overall r.m.s. deviation is 0.31(0.27) for self-consistent field and 0.29(0.24) for

cluster field approach compared to the r.m.s. of the null model 0.60. In parentheses are shown

results on r.m.s. when experimental pKa's of Asp3 and Asp50 are reversed because the NMR

could not distinguish these two groups. The results obtained with self-consistent and cluster

field approaches can be compared with the best PB model of Antosiewicz et al..!
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Table VII
pKa's in BPTI
Model
Residue Expt. ” ™7 Null Sclf-consistent  Cluster  Antosiewicz ~ Yang
field field et al etal.’
NTER 8.1 715 76 79 7.1 7.0
Asp3 3.0 4.0 is 34 34 36
Glu? 37 44 3.7 3.6 7 34
Lysl5 10.6 10.4 10.5 10.8 10.5 10.7
Lys26 13.6 104 13.6 10.9 0.5 10.8
Lys4] 10.8 10.4 11.2 113 10.8 10.3
Lysd6 10.6 10.4 105 10.8 10.2 163
Glud9 38 44 4.1 39 9 45
Asp50 34 40 32 31 27 1.7
CTER 29 18 i3 32 35 3.6
r.ans.d. 0.60 031 0.2% 047 0.77
rms.d. 0.60 027 0.24 0.40 0.66
Table VIII
pKa's in RNasa A
Model
Residue Expt. Null Self-consistent  Cluster field  Antosiewicz
field etal
NTER 7.6 1.3 1.5 79 7.0
Glu2 2.8 44 32 3.0 25
Glu9 40 44 4.1 33 4.1
His12 6.2 6.3 59 6.5 4.5
Aspl4 <2.0 4.0 3.1 30 19
Asp38 31 40 3.0 2.8 2.8
His48 6.0 6.3 6.7 6.9 6.5
Glud9 4.7 44 42 39 46
Asp53 39 40 38 35 36
Asp83 3.5 4.0 3.2 3.0 20
Gluso 4.1 44 39 37 38
His105 6.7 6.3 6.6 6.8 6.2
Glal 1l 35 44 4.0 38 338
Hisl19 6.1 6.3 6.5 6.7 59
Aspl2l 3.1 40 3.1 29 1.5
CTER 24 38 30 2.8 23
r.ams.d, 0.86 044 0.50 0.75
Table IX
pKa's in RNasa T1
Model
Residue Expt. " Null Self-consistent ~ Cluster  Antosiewicz
field field et al
His27 73 63 7.1 72 0.7
His40 79 6.3 6.9 70 15
His92 78 6.3 6.6 6.9 6.9
Glusg 43 44 33 33 25
r.m.s.d. 1.2 0.93 0.81 1.1
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The resuits of these authors are as follows: for BPTI (0.47(0.40); for R-Nasa A 0.75 and for
R-Nasa Tl 1.1. For BPTI, R-Nasa A and R-Nasa T1 the self-consistent and cluster field
approaches significantly beat both the null and the best FDPB approaches.

Table X
pKa's in T4 lysozvine
Model
Residue Expt. ™ Null Self-consistent Cluster field Antosiewicz Yang
field etal.’ etal’
His31 9.1 6.3 7.5 87 8.0 8.0
AspT0 <l.4 40 0.6 0.6 26 33

Table X shows the results for the salt bridge His31-Asp70 in T4 lysozyme. The calculated
pK shifts are in excellent agreement with the experimental data and beat the null model as welil
as the PB approaches of Antosiewicz et al.! and Yang et al.# Our present results are also
consistent with the fact that the bridge is buried. The best agreement with the experiment is
obtained with volumes of group 2. This shows that the account of hydrophobic environment is
very important to fit the experimental data. This is confirmed by recent investigations on pK
shifts in synthetic peptides.>!

In conclusion, a self-consistent field theory for treating the electrostatic interactions in
proteins is presented. This includes, not only the native state, but arbitrary chain conformations
and the possibility of predictions of a variety of pH dependent properties: individual pK and pK
shifts for the ionized groups in addition to the wide range of ionic strengths; titration curves
and the free energy of the electrostatic part of protein stability. The main results are: Firstly,
the approximate solutions of PB equations, in the case when ionized residues are seen as part
of the high dielectric medium, rather than the interior of the protein molecule are in excellent
agreement with the experimental data. This is also supported by the recent theoretical
calculations of the dielectric constant of proteins.#%4! The results obtained show that when
charged portions of the charged side chains are viewed as part of the solvent medium the
theoretical analysis and molecular dynamic simulations are consistent. Secondly, the solutions

of PB equation outside the protein interior, depend on local characteristics, such as the packing
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of chain portions around ionized residues rather than on the detailed shape of the protein

molecule. Lastly, the contribution of electrostatic interactions at neutral conditions to the free

energy difference between the unfolded and folded states of protein molecules is close to zero.

This indicates that the main driving forces for folding of protein molecules under these

conditions are hydrophobic and backbond-backbond hydrogen bonding interactions.

10
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SUMMARY

The NMR structure of the 98 residue B-elicitin, cryptogein, which induces a defence
response in tobacco, was determined using °N and "“C/"°N labelled protein samples. In
aqueous solution conditions in the millimolar range the protein forms a discrete homodimer
where the N-terminal helices of each monomer form an interface. The structure was calculated
with 1047 intrasubunit and 40 intersubunit NOE derived distance constraints and 236 dihedral
angle constraints for each subunit using the molecular dynamics program DY ANA. The twenty
best conformers were energy-minimized in OPAL to give a root-mean-square deviation to the
mean structure of 0.82 A for the backbone atoms and 1.03 A for all heavy atoms. The
monomeric structure is nearly identical to the recently derived x-ray crystal structure,
(backbone rmsd 0.86A for residues 2 to 97) and shows five helices, a two stranded antiparallel
f-sheet and an Q-loop. Using 'H,"*N HSQC spectroscopy the pKa of the N- and C-termini,
Tyr-12, Asp-21, Asp-30, Lys-61, Asp-72, Tyr-85 and Lys-94 were determined and support the
proposal of several stabilizing ionic interactions including a salt bridge between Asp-21 and
Lys-62. The hydroxyl hydrogens of Tyr-33 and Ser-78 are clearly observed indicating that
these residues are buried and hydrogen bonded. Two other tyrosines, Tyr-47 and -87, are also
removed from the solvent and show pKa's > 12, however, there is no indication that their
hydroxyls are hydrogen bonded. Calculation of theoretical pKa’s show general agreement with
the experimentally determined vaiues and are similar for both the crystal and solution

structures.
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INTRODUCTION

One of more challenging questions in the biology of the interactions between plants and
pathogens, is the identification of the molecules that interact to initiate defence responses.
Molecules from each partner in the interaction presumably bind, resulting in the induction of
signal cascades which lead to the generation of an antimicrobial environment and successful
repulsion of the atternpted invasion. Generally, the complexity and heterogeneity of the
molecules produced by many microorganisms which elicit such plant response, has hindered
the determination of their structures, However, members of a subgroup of such elicitors which
are peptides of proteins have been purified, cloned and/or sequenced, thus enabling the
examination of their structure/function propertics (De Wit, 1992; Kooman-Gersmann ¢t al.,
1996; Jones et al., 1994).

One group of protein elicitors, the elicitins, have properties which make them particularly
well-suited as model elicitors to use in the study of structure/function relationships in their
interaction with plants. Elicitins are small proteins that are secreted by members of the genus
Phytophthora and by a limited number of species in the genus Pythium (Huet et al., 1995;
Gayler et al., 1997). Preliminary studies have shown that they belong to the group of proteins
described as cysteine-knot proteins (Myers et al., 1993), but show no homology to other
known families of proteins. While the role of elicitins in the biology of the microorganisms
which secrete them remains in doubt {Grant et al., 1996} these proteins have the capacity to act
as elicitors of both the hypersensitive response and systemic acquired resistance in tobacco
(Bonnet et al, 1996} and in some members of the family Cruciferae, particularly radish
(Kamoun et al., 1993). Their capacity to act as elicitors in these species, together with their
small size and highly conserved amino acid sequences, make elicitins ideally suited as
compounds in which the effect of substitution of specific amino acids on the three dimensional
structures can be determined and related to alterations in biological activity.

Moreover, in radish the presence of different genotypes which show differences in their
response to eliciting (Keizer et al., 1998) opens the possibility of the isolation of specific
proteins which confer elicitin-sensitivity, and in turn the possibility of determining how these
latter proteins act as receptors for elicitins, and the ways in which elicitin and such receptors
interact. Recent studies by Wendehenne et al (1995) have indicated specific elicitin binding

sites in membrane proteins isolated from tobacco and it seems probable that the same will
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prove to be true in the radish system.

Determination of the three-dimensional structure and the functionally important residues of
the elicitins is a problem of importance. The crystal and solution structures of cryptogein have
been reported by Boissy, et al (1996) and Fefeu et al. (1997), respectively. The crystal
structure showed a unique fold which consisted of six helices, a two stranded B-sheet and an
Q-loop, where the loop and sheet formed a «beak motifs. The protein also showed two salt
bridges: the N-terminus to Asp-72, and Asp-21 to Lys-62. The solution structure was similar,
but showed some differences in the 64-70 and 83-88 region and the salt bridge between Asp-
21 and Lys-62 was not apparent.

The N-terminus, Asp-21 and Asp-72 are amongst the least conserved residues of which
include other ionizable residues, Lys-13, Lys-39, Lys-48, Lys-61, Tyr-85 and Lys-94. At least
sorme of these surface residues are expected to be functionally important, for example,
substitution of Lys-13 with Val reduces the activity of cryptogein in tobacco by 100-fold
{O’Donochue et al., 1995). Characterization of the surface properties, such as the ionization
states of surface residues, of elicitins will assist in understanding the molecular interactions
which these proteins can undergo. NMR spectroscopy is the method of choice for determining
pKa’s of individual residues (Forman-Kay et al., 1992; Nakamura, 1996). As the N-H bond is
more easily polarized than the C-H bond, the '*N resonance shows large chemical shift changes
with pH and therefore the 2D 'H, *N HSQC experiment is an excellent method for analysing
pH dependencies of chemical shift.

In this report we describe the refined solution structure of cryptogein, and show that under
millimolar solution conditions the protein forms a dimer. The individual subunits, however, are
nearly identical to the crystal structure. The experimental pKa’s of a number of ionizable
residues are determined and compared to the theoreticai pKa’s calculated with both the

solution and crystal structures.

MATERIALS AND METHODS
Phytophrhora Growth Conditions and Cryptogein Purification

Cryptogein was purified from liquid cultures of P. crypfogea Pethybr & Laff (Isolate P7407,
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supplied by Professor M. Coffey, University of California}). For isotopic labelling, P. cryptogea
was grown in 500 ml of modified High Phosphate Ribeiro medium (Fenn & Coffey, 1984) pH
6.2, which contained 50 mM ”C-glucose as a carbon source, 3 mM "N-ammonium chloride
and 1.5 mM potassium "*N-nitrate, as nitrogen sources. For N labelled cryptogein, cultures of
P. cryptogea with only *N-labelled substrates were prepared. Cultures were grown in the light
for 21 days at 26°C.

Culture medium was harvested by filtration through two GF/C filters (Whatman) to separate
mycelia from the culture filtrate. Crude culture filtrate was concentrated and subjected to
ammonium sulfate {55%) precipitation. Cryptogein remained in the supernatant, which was
desalted by dialysis against 10 mM sodium acetate. Cryptogein was then separated by cation

exchange chromatography using a S Hyper D column (Beckman).

NMR spectroscopy

NMR measurements were performed at 40°C on either “N-labelled or N,"”C double
labelled protein on Varian INOVA-400 and Varian INOVA-600 spectrometers. Cryptogein
was dissolved to a concentration of 1 mM in 90% H,0/10% *H,0, at pH 6.8. The following
experiments were collected using the “*N-labelled sample at 400 MHz: 2D 'H,°N-HSQC, 3D
'H,"”N-TOCSY-HSQC (40 ms mixing time), NOESY-HSQC (100 ms mixing time) (Zhang et
al, 1994), HSQC-NOESY-HSQC (100 ms mixing time) (Frenkiel et al, 1990), HNHA
{Vuister and Bax, 1993} and HNHB (Archer et al., 1991); and the following experiments were
collected with the “C,"*N-double-labelled sample at 600 MHz: 3D CBCA(CO)NH
(Muhandiram and Kay, 1994), *C-HCCH-TOCSY (Kay et al., 1993), ’C HSQC-NOESY
(100 ms mixing time) (Majumdar and Zuiderweg, 1993) and “C HSQC-ROESY (25 ms
mixing time). 2D and 3D "“C-edited, *C-filtered NOESY spectra (120 ms mixing time)
(Vuister et al., 1994; Folmer et al., 1995) were acquired on samples of mixed labelled (1:1 of
/N and "*C/'*N). All spectra were processed with NMRPipe (Delaglio et al., 1995). 'H
chemical shifts were referenced (o residual water at 4.64 ppm relative to TSP at 40°C. The
corresponding '*C and "N reference frequencies were calculated from the 'H spectrometer

frequency. All specira were analysed by NMRView (Johnson and Blevins, 1994).




Chapter 4-pH dependent chemical shifts 7

Structure Calculations

Structures were calculated with the torsion angle dynamics program, DYANA (Giintert et
al., 1997). NOEs were converted to distance constraints with the macro CALIBA and angle
constraints were derived from intraresidue NOE data and coupling constants with HABAS
(Giintert et al., 1991). The calculations included the disulphide bonds previously determined
for capsicein: Cys-3 to Cys-71, Cys-27 to Cys-56 and Cys-51 to Cys-95 (Bouaziz, et al 1994).
Typically, 100 structures were calculated with the 20 structures showing lowest residual target
function being retained for further NOE assignment. The 20 structures from the final
calculation were energy minimized with OPAL (Luginbiihl et al., 1996) using the default
values, except a dielectric constant of 4 and 2500 steps of minimization were used. Structure
analysis and all color figures were performed in MOLMOL (Koradi et al., 1996) or Insight
(MSI, Inc).

pH titrations

The effect of pH on chemical shift was followed in 2D 'H,""N HSQC spectra over the range
pH 1.5 to 11.2 in approximately 0.5 pH units. In addition, the tyrosine resonances were
followed in 1D and 2D "“N-filtered spectra (Ikura and Bax, 1992) and 2D NOESY spectra
over the range pH 2 to 11.2. Appropriate buffers (ionic strength, 45 mM) were used for each
pH: for pH 1.45, 2.03 and 2.66 (potassium chloride/ hydrochloric acid), pH 3.36, 3.75, 4.24,
4.76, and 5.20 (ds-acetate), pH 6.13, 6.80, 7.54 and 7.96 (phosphate), pH 8.52 and 9.03,
(boric acid/borax), pH 9.47, 9.87 and 10.44 (carbonate/bicarbonate), pH 10.8 and 11.15
(phosphoric acid/scdium hydroxide).

pKa's were determined by fitting to the Henderson-Hasselbach equation expressed in the
form:

8 = [Bucid + Orace L0TTPEIY[1 4 107K (H

where § is the observed chemical shift of a resonance, 8,4 and &y, are the chemical shifts at
extreme low and high pH, respectively. The program Microsoft Excel (Solver version) was
used (o perform non-linear least-squares fits of the data to (1). Data from all titration curves of

nuclei that sensed the ionizable group and showed a reasonable shift were fitied. Based on
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structural analysis, apparent pKa's were assigned to single ionizable groups, and thus the

average pKa for each of these titrations is reported.

Theoretical pKa Calculations

Theoretical pKa values were determined using a novel method for treating the pH
dependent properties in proteins with multiple interacting titratable groups in the frame of
Macroscopic Continuum model (Dimitrov and Crichton, 1997). The method is based on the
approximation of electrostatic interactions between the titratable groups with the interaction of
each of them with a self-consistent determined molecular field. The field can be different for
different titratable groups or for identical groups placed at different spatial coordinates. The
use of molecular field approximation gives the possibility to replace the comlex dependence of
electrostatic interactions on the space distribution of residue charges with a sum over separated
energy terms, each of which depends only on the coordinates of the coresponding jonized
residue. Calculations are based on the average charges of titratable groups (Dimitrov and
Crichton, 1997), the distance of separation between these groups, their intrinsic pKa's (which
define the free energy of charging the ionized groups when they are disconnected from each
other and separated at a distance where they cannot interact and where there is no dissolved
electrolyte), on residue volumes (Zamyatnin, 1972) and the local dielectric constant (Dimitrov
and Crichton, 1997). The charge portions of residue groups are taken as spheres with charges
placed at their centers and defined as a center of mass between the heavy polar atoms.
Dielectric properties of protein molecules are described in terms of lecal dielectric constants,
determined by the space distribution of residue volume density around each ionized residue.
The volume used in calculations are obtained by subtraction of the volume of the polar part of
side groups as well as the volume of amino and carbonyl groups from the whole volume of
residue groups. The residue center of mass is defined between the remaining heavy atoms after
deletion of the polar parts. Local density around each residue charge is calculated in the sphere
with radius 8A with the space coordinate of nonpolar parts. The internal dielectric constant of
residue groups is 4, the dielectric constant of the solvent medium is 80 and the effective radius

of the charge of ionized residues is 2A.
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RESULTS AND DISCUSSION
Characterisation of Aggregation

Line widths in the initial "H NMR spectra of cryptogein suggested that the protein may have
a tendency to aggregate. Pulsed field gradient NMR diffusion experiments (Dingley et al.,
1995) showed that 1mM solutions of cryptogein have diffusion coefficients of about 0.9 x 10°
cm’s” compared to that of lysozyme, 1.04 x 10° cm’s” and therefore showed an apparent

molecular weight of ~20 kDa.
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Figure 1. 2D 'H, '*N HSQC spectrum of '*N labelled cryptogein at pH 6.8 and 40°C. All resonances
are assigned except for the peak (#) near 6.9 ppm ("H) and 112 ppm ('*N) which would belong to either
the side chain amide resonances of cither GIn-8 or Asn-93. These are the only 'NH resonances not
assigned. The correlations of Thr-37, Leu-73, Val-75 and Gly-90 are tfolded in this spectrum. Boxes
indicate the chemical shift positions of the "*NH resonances of Ala-2, Ala-5, Thr-6, Ala-22, Thr-44 and
Thr-54, which are observed at pH 4, but due to exchange with water are not observed at pH 6.8.

Acquiring spectra, either at pH values of 4, 5 or 6.8, at low or high ienic strength (0, 200
and 400 mM NaCl in 10 mM phosphate, pH 6.8) and in the presence of 5, 10, 15 or 20 mM
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CHAPS (pH 6.3, 45 mM phosphate) did not substantially change the diffusion coefficient.
Ultracentrifugation experiments on 20 pM samples at pH 5 or 7.5 showed that the protein had
apparent molecular weights of 14 kDa or 11 kDa, respectively, indicating that dimerization is
both pH and concentration dependent. We concluded that under most solution conditions and
at 1 mM, cryptogein is predominantly a dimer.

Collection of 'H,""N HSQC spectra at pH 4 or 6.8, and the eventual complete assignment,
showed a single set of resonances was present (Figure 1), showing that if the predominant
form is a dimer then it must be symmetric. In the analysis of *C-filtered spectra (Figure 2) of
samples of mixed label (1:1 of "“C/"*N and "C/"*N labelled sample) a number of intermolecular

NOEs were assigned, proving that the protein dimerizes.
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Figure 2. Sections of a 3D “C-edited, '*C-filtered NOESY spectrum that show key
intermolecular NOEs that define the dimer interface. The spectrum was acquired on a sample of

1 mM cryptogein in the ratio 1:1 of "*C/*N:'"*C/"*N dissolved in 45 mM phosphate, pH 6.8,
100% *H,0, at 45°C.

Structure calculation of the dimer of cryptogein

The sequence specific assignments, intramolecular and intermolecular NOEs of cryptogein
were determined using a standard combination of three-dimensional spectra acquired on three
samples: a "N labelled and a "*C/**N labelled sample in 90% H,0/10% “H,O, and a mixed
sample of labelled and unlabelled protein. The complete assignment of all observable

resonances is summarized in the 2D 'H,""N HSQC spectrum in Figure 1.
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Table 1. Structural statistics for Cryptogein Before and After Energy Minimization

Residual target function (A% 322+ 0.14 n.a
Total Energy (kcal/mol) 1141 +65 -1013 + 254
Van der Waal’s (kcal/mol) 713 £48 =769 + 102

Distance violations *

RMSD 0.031 £0.002 0.030+0.002
Sum (A} 20.5 £0.6 233+ 1.8
Maximum (A} 0.32£0.01 0.10 £ 0.00
Angle violation ®
RMSD 1.19 +0.58 0.44 + 0.02
Sum {*) 46.9% 6.0 66.2+72
Maximum (°} 42207 26204
Rmsd deviations from ideality
Bond angles (°) n.a 1.660 = 0,101
Bond length (A) n.a 0.0054 £ 0.0004

Rmsd of atom coordinates of dimer °

All heavy backbone atoms

(Co,C"\N,0) {A) 0.80 0.82
All heavy atoms (A)  0.99 1.03

PROCHECK *
Residues in most favoured region
of Ramachandran Plot A, Band L (%) 87.9%13 89.3

1.5
H-bond energy std dev 1.1 £0.0 0.7+00
Bad contacts/ 100 residues 8515 0.0

(a) The final 2134 NOEs are categorised as: 1047 intrasubunit NOEs (105 intraresidue, 321 sequential, 305
short range and 323 long range) and 40 intersubunit NOEs (b) 236 dihedral angles (c) For each monomer the
rmsd of the backbone and all heavy atoms are 0.49 and 0.794, respectively (d) PROCHECK parameters
determined by PROCHECK and PROCHECK-NMR.
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Figure 3. Amino acid sequence of cryptogein and summary of sequential and short range NOE data, *Jyne
coupling constants and NH exchange. The thickness of the bar for the sequential NOE data indicates
approximate intensity of the NOE with thick, medivm or thin bars for strong, medium and weak NOEs. For
short range data presence of the NOE, and not intensity, is indicated. *Jinq coupling canstants determined in
3D HNHA experiments are classified as closed squares (<6 Hz), half-closed squares (6-8 Hz) and open squares
(>8 Hz). NH exchange rates determined at pH 6.8, 25°C are qualitatively indicated as closed circles (persisted
after 3 hours), open circles (present after 1 to 2 hours, but no longer observed at 3 hours).

The distance constraint data was accurnulated from five spectra. The NH; to NH; (j 2 i+1)
NOE data were assigned in 3D 'H,”"N HSQC-NOESY and HSQC-NOESY-HSQC spectra.
All other interresidue NOEs, including all NH, to CH; (j 2 i+1) were assigned in a 3D "C
NOESY-HSQC recorded in 90% H,O/10% *H,0. The sequential assignment data are
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summarized in Figure 3. Intraresidue NOEs were assigned in a 3D C ROESY-HSQC
recarded in 90% H,0/10% *H,O, but only ROEs that clearly indicated preferred rotamers
were included. Intersubunit NOE data were assigned in either a 3D “C-separated, '*C-filtered
NOESY or 2D 13C filtered spectra (Figure 2). After trial structure calculations several NOE
violations (Val-16 to Pro-76) assigned to intrasubunit NOEs were clearly intermolecular and
were reassigned. These peaks were not observable in the X-filtered spectra, presumably due to
the lack of sensitivity of these experiments on mixed label samples. The final 2134 NOEs
{Table 1) were complemented with 236 angle constraints per subunit derived from sequential
and intraresidue NOEs, 58 3JHNHu couplings (Figure 3), determined from 3D HNHA spectra,
and 29 pairs of *Jynpp couplings from 3D HNHB. The coupling constant data from the HNHA
experiments were considered quantitative and were given the limits of £ 1 Hz, whereas the
couplings from the HNHB experiment were treated qualitatively and given the limits of 12 Hz.
Stereoassignments of CBH; were determined by considering intraresidue ROE, sequential
NOE data and assignments of CBH resonances in the 3D HNHB spectra. A total of 26 CBH,
were unambiguously stereoassigned out of 62 spin systems. Similarly, nine pairs of Leu C3H;
methyls and four pairs of Val CyHs methyls were stereoassigned on the basis of intraresidue
NOEs and ROEs (the methyl resonances of Leu-82 could not be resolved from each other nor
could the methyls of Val-84).

Structures were calculated using the molecular dynamics program DYANA (Giintert et al,,
1997). An iterative process of calculation was employed, where successive rounds of structure
calculations were used to further the NOE assignments. After the final round of calculation
with DYANA the 20 structures with the lowest residual target function were energy minimized

with OPAL. Structural statistics are presented before and after minimization in Table 1.

Description of the dimer solution structure of cryptogein and comparison to the X-ray

crystal structure.

The solution structure presented here was solved independently of the X-ray crystal
structure (Boissy, et al, 1996) and the recently published solution structure (Fefeu et al., 1997).
The solution structures of the homodimer show convergence to a single fold (Figure 4A) with

the interface formed by the N-terminal helix (ol ) and residues at the tip of Q-loop and B-sheet.
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Comparison of the menomers of the solution structure with the crystal structure for the full
protein (1 to 98) (Figure 4B) show an rmsd of 0.94 for the backbone atoms and 1.38 for all
heavy atoms, and for residues 2 to 97, an rmsd of 0.86 and 1.33 for backbone and heavy
atoms, respectively. The global folds of the solution and crystal structure and analysis with
PROCHECK (Laskowski et al., 1993; Laskowski et al., 1997) show that despite the solution
structure forming a homodimer there are few differences observed between the two structures.
Interestingly, Asn-67, which terminates helix-4, shows left-hand helix ¢,y angles in both
structures.

One difference to be noted is that the crystal structure has a clear break in the C-terminal
helix at residues Asn-89 to Gly-90 resulting in a sixth distinet helix. For the solution structure,
the NH;-NH,,; NOE data (Figure 3) this break is not observed, and the short-range NOE data
shows that this helix is continuous to Ser-97.

A loop region that has been classified as an Q-loop is ohserved between helices-2 and -3
encompassing Tyr-33 to Pro-42 (Figure 4). The neck of this loop is characterised by NOEs
between the side chains of Tyr-33 and Pro-42. Sequential NOEs show that the region Met-35
to Ala-38 is helical-like, and the region encompassing Ala-38 to Leu-41 has alternating
done(i,i+1) and dnnii,i+1) NOEs (Figure 3}, and several short range NOEs suggesting that the
loop consists of several bends. The C-loop is positioned over the two-stranded (-sheet to form
what has been termed the beak motif (Boissy et al. 1996). As observed in the crystal structure,
Tyr-33 which is at the neck of the Q-loop, is buried in the hydrophobic core. The hydroxyl
proton of this residue can be readily observed in homonuclear 'H spectra between pH 4 and 7.
The ring of Tyr-33 is stacked against the ring of Pro-42 in both the solution and crystal
structures. The hydrogen bond acceptor of the OH proton of Tyr-33 is the carbonyl of Ala-40
in the crystal structure, which is observed in the family of solution structures. As previously
noted (Fefeu et al., 1997) the hydroxyl of Ser-78 is observed in NMR spectra and its acceptor
appears to be the carbonyl of Ala-38. These hydrogen bonds may contribute to the stability of
the £2-loop and the overall protein. Recently, the solution structure of P14a, a protein isolated

from tomato, has been reperted (Ferndndez et al., 1997).
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85

Figure 4. A) Heavy atom backbone trace of the family of 20 final structures

superimposed for minimal rmsd for the residues 2 to 97 in each monomer. Helices are
shown in redfyellow: o-1, Ala-5 to Ser-2{; -2, Ala-22 to Asp-30; o-3, Thr-44 to Cys-51;
a4, Thr-54 to Thr-63; -5, Val-84 to Ser-97. The two stranded (-sheet (Asp-72 to Thr-74;
Val-81 to Asn-83) is shown in cyan. The Q-loop that spans Tyr-33 to Pro-42 is shown in
vellow. The interface is characterized by helix ¢l from one monemer running parallel and
at an angle of XX to the same helix of the other monomer. These helices make contacts
with residues of the B-sheet and Q-loop of the opposing moncomer. B} superposition of the
first monomer of the family of 20 solution structures on the xray crystal structure (1beo) for

minimal rmsd (0.86 A for backbone atoms) for residues 2 to 97.



86 Chapter 4-pH dependent chemical shifts

This protein is induced in response to pathogen invasion and displays antifungal activity.
Pl4a shows a network of internal side chain hydroxyl hydrogen bonds and it is suggested that
such bonds would each contribute about 5 kJ mol' to the free energy of folding. These
hydrogen bonds would make a significant contribution to the stability of the protein, which is
important for the integrity of the protein in the harsh extracellular environment. While the
elicitins do not appear to be structurally related to P14a it is noteworthy that a similar pattern
of side chain hydroxyl hydrogen bonds has been identified and these may have similar roles for
structural stability. Another tyrosine residue, Tyr-87, is also buried in the protein and near to
Tyr-33, with its hydroxyl withdrawn from the surface of the protein, however no hydrogen
bond acceptor is observed.

In the family of solution structures, the ring of Tyr-47 appears to be either stacked or edge
on to the opposite face of Pro-42 with respect to Tyr-33. In the crystal structure Tyr-47 is
stacked against Pro-42. Nevertheless, this stacking and proximity of aromatic rings to Pro-42
results in significant upfield shifts of the Pro resonances and should contribute to the stability
of the protein. Another unusual feature of the hydrophobic core of the protein is that the three
methionines form a cluster. These residues show a substantial number of NOEs to various
residues including those between Met-59 to both Met-35 and -50, which supports the
formation of this cluster. The presence of buried tyrosine residues, the side chain hydroxyl
hydrogen bonds and the clustered methionine residues may place unusual constraints on the
packing and stability of the protein, and consequently the high conservation of these residues.

The N-terminal helix (helix-1) is associated with the edge of the sheet and Q-loop, whereas
the other helices form a globular unit. We have qualitatively used amide exchange rates at pH
6.8 and 27°C to analyse the stability of the overall protein, in particular helix-1, and to
determine if Gly-90 breaks the C-terminal helix into two independent helices. Analysis of amide
exchange rates (Figure 3) shows that the NH protons of helix-1, and those of the region that
encompass helix-6 of the crystal structure (or the Gly-90 to Ser-96 of helix-5 of the solution
structure}, exchange markedly faster than the NH protons of the other secondary structure
elements of cryptogein. Consequently, the N-terminal helix and the region Gly-90 to Ser-96
are less stable compared to the other helices and B-sheet of cryptogein. The £2-loop does not
appear to be stabilized by any main chain hydrogen bonds whereas the NH hydrogens internal

to the P-sheet show the expected slow exchange.
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Measurement of pKa’s

The crystal structure shows two salt bridges: Asp-21 to Lys-62, and Asp-72 to the N-

terminus, which may be structurally and/or functionally significant.

Table 2. Experimental and Calculated pKa Values for Cryptogein.

Kray® DYANA® OPAL®

Residue Exp pKa*® Calculated pKa

N-terminal, Thr-1  7.43 8.05 7.87 7.9
Tyr-12 ~11.5 10.47 11.75 11.82
Lys-13 10.93 10.94 10.90
Asp-21 2.49+0.05 2.83 3.31 318
Asp-30 2.5710.12 390 3.86 3.88
Tyr-33 >12 [1.68 11.27 i1.25
Lys-39 10.91 10.94 10.93
Tyr-47 >12 12.38 12.24 12.34
Lys-48 10.88 11.02 11.10
Lys-61 10.1¢ 10.81 10.87 10.87
Lys-62 12.05 11.59 11.67
Asp-72 2.61+0.15 3.28 3.54 350
Tyr-85 10.35+0115 10.40 10.41 10.23
Tyr-87 >12 12.39 12.40 11.92
Lys-94 9.4¢ 10.85 11.09 11.44
C-terminal, Leu-98  3.51£0.01 3.31 3.33 120

(a) Experimental pKa values determined at 40°C. Mean and standard deviations are given for pKa's
determined by following the pH dependence of a number of chemical shifts: N-terminus (peptide "N of D72);
Asp-21 (peptide "N of 520, D21, 823, T65 and peptide NH of A22, §23);, Asp-30 (peptide '*N of D30, S31,
G32, T54, AS5); Lys-61 (peptide "N of 163); Asp-72 (peptide "*N of D72, T74, peptide NH of V84 and side
chain “N5* of N'70); Tyr-85 (peptide '°N of Y87, N89 and ring He of Y85); Lys-94 (peptide N of T43); C-
terminus {peptide "N of $96, $97, 1.98) (b) pKa’s calculated for the X-ray crystat structure (I1beo) (c) pKa
calculated for the 20 lowest energy conformers determined with DYANA and after energy minimization with
OPAL using a dielectric constant of 4 (d} pKa could not be assigned unambiguously, for Lys-61 this pKa may
be assignable to Lys-62 and for Lys-94 this pKa may be assigned to Lys-48.
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Figure 5. pH dependence of the chemical shifts of (A) the *N resonances of Asp-21, Asp-30, Asp-72 and
Leu-98; (B) the 15N resonances of Thr-43, lle-63, Thr-65, Leu-73 and Asn-89; and (C) the CeH resonances of
Tyr-12 and Tyr-85. Data for (A) and (B) were from 2D 'H,'’N HSQC spectra and for (C) from 1D and 2D "*N-
filtered NOESY and 2D ‘H,'H NOESY spectra. Curves are shown for only the portion of the data fited to
obtain single pKa's.
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Visual inspection of the solution structures suggests that the former bridge may be present,
but the disorder of the N-terminus makes it difficult to support the presence of the latter
(Figure 4). Several NOEs were assigned between the N-terminal region and Asp-72, including
the CPH: of Asp-72 lo the CPH; of Ala-2, which supports an interaction between the N-
terminus and Asp-72. Amongst the elicitins, the N-terminal residue and position 72 are
homologously conserved, where the N-terminal is either Ala or Thr and position 72 is either
Asp or Glu. Position 21 and 62, however, are not conserved, and although these residues are
frequently Asp and Lys, respectively, position 21 may also be Glu, Lys or Thr and position 62
may also be Asn, Glu or Thr. In cryptogein, the salt bridge between Asp-21 and Lys-62 would
present a stabilizing interaction between helices-2 and -4. These salt bridges and the ionization
states of other residues are important elements of the surface of the protein which may play
significant roles in receptor recognition.

The pKa values of the N- and C-termini, Asp-21, Asp-30, Lys-62, Asp-72, Tyr-85 and Lys-
94 were determined by collecting a series of 2D 'H,""N HSQC spectra at approximately half
pH units over the pH range 1.5 to 10.8 at the same ionic strength, and fitting the chemical
shifts to the Henderson-Hasselbach equation. Collecting 1D '*N-filtered and 2D N-filtered
NOESY spectra over the pH range 2 to 11.2, the effect of pH on Tyr-12, -33, -47, -85 and -87
could also be observed. Representative plots of nuclei that show significant shifts (A8 > 0.1
ppm for '*N) with pH are plotted in Figure 5 and all experimental pKa’s are described in Table
2. The ionizable residues in cryptogein and those residues affected by pH are shown in Figure

6.

pKa’s of C-terminus and Asp residues

The C-terminus shows a typical pKa of 3.5 (Figure 5A) indicating that it does not interact
with any residues, which is in agreement with the effects of its ionization being limited to the
region Ser-96 to Leu-98. In contrast, all three Asp show low pKa’s 2.5 to 2.6 (Figure 3A),
suggesting that they interact with positive charges. These data support the presence of the two
salt bridges observed in the crystal structure: Asp-21i to Lys-62 and Asp-72 to the N-terminus.
Indeed, the titration of Asp-21 is reflected in the chemical shift of the '>NH resonances of Met-
59 and Thr-65 (Figure 5B). Asp-30 is not near any positively charged residue. However, this

residue which is at the C-terminal end of the short helix-2, is located near the N-terminal end
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of helix-4 and its position suggests that it may be aligned with the helix dipole, thus effectively
capping that helix. The titration of Asp-30 is clearly observed on the chemical shifts of the
"*NH resonances of Thr-54 and Ala-55 which are the first residues of helix-4.

pKa’s of N-terminus and Lys residues

The pKa of the N-terminus was determined by following the peptide '*N resonance of Asp-
72 (Figure 5A} and is estimated to be 7.3, similar to a pKa expected for a free N-terminus.
This pKa is somewhat incompatible with the observed low pKa of the carboxylate of Asp-72,
which itself supported the presence of a salt bridge between the carboxylate of Asp-72 and the
N-terminus, and perhaps the low pKa of Asp-72 is due to other interactions.

Several other shifts are observed in the alkaline pH range, which may be attributable to
lysine residues (Figure 5B). The "*N peptide resonance of Thr-43 shows a small but significant
pH dependence (A3 = 0.12 ppm) with an apparent pKa of 9.4 and as Thr-43 is near Lys-94
(~8A) we assign the pKa to this residue. However; Lys-48 is also relatively close to Thr-43
{10A) and may have an effect and thus we can not assign this pKa unambiguously, The "*N
peptide resonance of 1le-63 has an apparent pKa of 10.1. As this residue is near both Lys-61
and Lys-62 this pKa also can not be assigned unambiguously. The N peptide resonance of
Thr-65 shows three pKa inflections, the first pKa is 2.4, and is assigned to Asp-21 whose
carboxylate forms a salt bridge with Lys-62. The next two inflections do not give reasonable

fits, but are most likely due to the N-terminus and either or both Lys-61 and -62.
pKa’s of Tyr residues

The ring resonances of the tyrosine residues are substantially unaffected between pH 2 and
8.5. The CeH resonances of Tyr-85 show a large chemical shift dependence (A8=0.26 ppm)
which fits to a pKa 10.2. The pKa of Tyr-85 appears to be reflected in the peptide "N
resonances of Tyr-87 and Asn-89 with apparent pKa's of 10.5 and 10.4, respectively. The CeH
resonances of Tyr-12 show a small pH dependence between pH 7 and 11 (A8=0.09 ppm} that
does not appear to fit to a single ionization. The difficulty with this titration is that it may
reflect the ionization of both Tyr-12 and Lys-13 in both the monomeric and dimeric species

(Figure 6). Several 5N peptide resonances of residues located in the B-sheet and near Tyr-12
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show pH dependence in both the acid and the alkaline regions. The '*N resonance of Leu-73
shows three pH inflections (Figure 5B). The first (A8=1.09 ppm) is readily fitied to a
carboxylate ionization with a pKa of 2.7 and is thus assigned to Asp-72. The second inflection
occurs between pH 5 and 8 (A8=0.24 ppm), and while it was not possible to fit this inflection jt
must be due to the N-terminus. The third inflection occurs above pH 9 (A8=0.5 ppm). If this
latter shift is fitted, an estimate of an apparent pKa of ~11.5 (with reasonable fits ranging from
pKa of 11 to 12) is observed and thus we assign this pKa to Tyr-12. The CeH resonances of
Tyr-33 show no shifts at all, while those of Tyr-47 and -87, show small shifts above pH 9.0
(A8 = 0.02 and 0.03 ppm, respectively), suggesting that the pKa’s of these three tyrosines are
greater than 12.

The titration behaviour of all the tyrosine residues mostly agrees with the extent of their

solvent exposure and their interactions.

Figure 6. The dimer solution structure highlighting the ionizable residues. Aspartate residues ate colored in
red, tyrosine in yellow, lysine in green, The N- and C-termini are indicated on one monomer. Tyr-12 and Lys-
13 are the only residues at the interface of the dimer. Tyr-12 lies parallel to the protein surface of the monomer
and the side chain of Lys-13 is well exposed to the solvent. The pKa’s of these residues do not appear affected
by dimerization.

Tyr-85 is completely exposed to the solvent giving a typical pKa, and Tyr-12 is mostly
exposed, but lies flat against the protein in both the solution and crystal state. Tyr-33 and -87

are all partially or completely buried. Tyr-33 is buried with its OH hydrogen bonded. Tyr-87 is
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also predominantly buried with its hydroxyl] withdrawn from the solvent, however, we have not
detected this hydroxyl hydrogen in any of our spectra. The hydroxy! of Tyr-47 is exposed to
the solvent, but is stacked against Pro-42 and near to Phe-91, and therefore is in a hydrophobic
environment. Further this residue is near Tyr-87 and thus the deprotonation of these two
residues may affect each other. All experimentally determined pKa's of the tyrosines, except
the pKa of Tyr-87, are in reasonable agreement with those determined by UV difference
spectroscopy (Nespoulous et al., 1994). Tyr-87 was found to have a typical pKa by this latter

method.
Calculations of the pKa’s based on the crystal and solution structures.

The theoretical pKa’s were determined by using the crystal structure (Boissy et al., 1996},
the narefined and refined solution structures that are described above. In Table 2 the calculated
pKa’'s of the individual ionizable groups are reported along with the experimental pKa's. In
most cases, the experimental and calculated values agree well, and the data for the crystal
structure is similar to both the refined and unrefined solution structures. The five tyrosine
residues have values that i good agreement and consistent with their interactions and/or their
exposure to the solvent as discussed above. Tyr-12 is on the protein surface, but lies flat
against its own monomer. This residue is at the interface of the dimer, and is near the Lys of
the opposing dimer (Figure fi}. However, the pKa of Lys-13 is calculated to have a typical
value and thus we do not expect an interaction between these residues. The calculated pKa of
Tyr-12 is similar for both the solution and crystal structures and therefore the effect by
dimerization appears minimal.

The calculated pKa for Lys-94 is markedly lower to the experimental pKa of 9.4, however,
the assignment of this pKa is ambiguous (Table 2). Recent ca]éulations of the pKa’s of Lys-94
and Tyr-47 suggest that these residues interact to raise the pKa of Lys-94 to 13 and lower the
pKa of Tyr-47 to 9 (Vogel & Huffer, 1998). This interaction is not apparent in our calculations
nor in the experimental data for Tyr-47. The remaining Lys residues have typical pKa’s (~11)
except for Lys-62 which is expected to participate in a salt bridge with Asp-21. The
experimental and/or theoretical pKa’s for Asp-21 and Lys-62 agree with the presence of the
salt bridge (Table 2). The salt bridge between Asp-72 and the N-terminus is less apparent with

both a normal experimental and theoretical pKa for the N-terminus. The low experimental pKa
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for Asp-72 may reflect other interactions that remain to be determined. These conclusions are
supported by the calculations of the pKa’s of Asp-21 and -72 reported by others (Voge! and
Juffer, 1998) which are in better agreement with our experimental data. The theoretical pKa of
Asp-30 is typical for an Asp residue in small peptides, which is in contrast to the experimental
pKa. The method (Dimitrov and Crichton, 1997) that we have used here does not account for
aligned partial charges that would occur in helix dipoles. Calculations by others using a
different approach (Juffer et al., 1997; Vogel and Juffer, 1998) also show that Asp-30 has a
typical pKa, and these methods do include partial charges and should therefore consider
interactions with helix dipoles. While it is clear from the experimental data that this residue is
not interacting with other ionizable residues, we can not conclude on the actual nature or

importance of the interactions that lower the pKa of Asp-30.

Functionally Important Residues

The >70% identity of the sequences of the elicitins, and the absence of a characterized
receptor reduces the conclusions that can be made with respect to which are functionally
important residues. One would expect that the evolutionary pressure to conserve residues
amongst the elicitins would be due to the unknown function of the elicitins within the genera
Phytophthora and Pythium, and not the advantageous induction of defence responses
displayed within the regsistant plant. In this report, a number of potentially important
structural/dynamic features have been raised: firstly, the amide exchange rates of helix-1, that
include the functionally significant Lys-13, highlights the relative instability of the first helix
compared to the other helices and the [B-sheet; secondly, the three Asp residues show low
pKa’'s and may be involved in both salt bridges and other interactions that stabilize protein
structure; thirdly, four of the five Tyr residues show shifted pKa's and withdrawn completely
or to some extent from the solvent; finally the protein shows a tendency to dimerize at
concentrations above 20 pM. While it is tempting to suggest that dimerization may be
important for inducing a defence response, this activity is observed at concentrations < 1 nM,
where dimerization is less likely. Interestingly, the regions that appear to interact, ~20s, ~30s
and the ~70s, ate on the same side of the protein as is the functionally important residue 13.
Whether these residues are important in protein-protein interactions can only be proved

through site-directed mutagenesis studies and the isolation of the receptor.
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SUMMARY

The folding problem of two-state small monomeric proteins is reduced to the question of
how the folding nucleus at the transition state (TS} is formed from the ensemble of rapidly
interconverting partly structured conformations in the denatured state. It is shown that in the
denatured state the folding is energetically favored by certain highly fluctuating nucleation
regions (o-helices and(or) B-hairpins), which in the experiments based on site directed
mutagenesis are revealed by their high ®-values. In the TS the folding is favored by the
packing of these nucleation regions together with some other portions of the polypeptide
chain, thus leading to a broad distribution of the d-values. The packing process resulis in a
nucleus with native like-topology. approximately correctly formed secondary structures and
loop regions with different degrees of order. This native-like nucleus is separated from all other
folding alternatives by a high free energy barrier. The calculations of the free energy of the
folding nucleus are based on: 1) statistical mechanics of a linear cooperative system; 2) a self-
consistent molecular mean field theory previously developed for electrostatic interactions
(Dimitrov, R. A., & Crichton, R. R. (1997). Self-Consistent Field Approach to Protein
Structure and Stability. I. pH Dependence of Electrostatic Contribution. Proteins Struct.
Funct. Genet, 27, 576-596), and 3) a lattice model based on packing of idealized o - and(or)
fB-secondary structures. The model was tested on a set of proteins for which the d-value
analysis of the TS is experimentally well studied: barley chymotrypsin inhibitor 2 (CI2);
association of two fragments of barley chymotrypsin inhibitor -[CI2-(20-59) and CI2-(60-83)]
and association of the two domains of the Arc repressor of phage P22. Finally, the model
successfully predicted the experimental @-values of the activation domain of human

procarboxypeptidase (Ada2H) (unpublished data of L. Serrano EMBL, Heidelberg). From the
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calculated @-values it follows that the key residues for the folding of AdaZH domain are
ILE23 from the amino end of the second o -helix and ILE15 from the fourth J-strand.
Together with LEUZ6, from the amino end of the second « -helix, and AL.A52 and VALS54,

from the first 8-strand, they constitute the proposed nucleation site.

INTRODUCTION

Experimental analysis of the folding reaction of proteins larger than 100 residues have
shown that these proteins normally display kinetic intermediates (Villegas et al., 1995). Kinetic
intermediates are believed to reduce significantly the conformational freedom of the
polypeptide chain and thus te speed up the search for productive interactions. On the other
hand, detailed kinetic and equilibriom experimental studies on small monomeric proteins with
less than 80 residues (and no disulfide bridges)- o -spectrin SH3 domain (Viguera et al.,
1996), IgG-binding domain of protein G {Alexander et al., 1992), cold-shock protein CspB
(Schindler et al., 1995), acyl-coenzyme A binding protein (Kragelund et al., 1995), barley
chymotrypsin inhibitor 2 (CI2) (Jackson & Fersht, 1991), N-terminal domain of 4,
repressor (Burton et al, 1997) and the activation domain of human procarboxypeptidase
Ada2H (Villegas et al., 1995)- have shown that these proteins fold without accumulation of
kinetic intermediates.

It seems that the folding pathway of small monomeric proteins is determined by the
sequence ability to stabilize only productive transition states and not by conformational
restrictions in the denatured state. Thus, a thorough understanding of the structural
reorganization which takes place in the TS for folding is needed. The principal approach is to
convert the experimental measurements of the rate and equilibrium constants along the folding
pathway to free energy profiles for the folding pathways. A ®-value analysis has been
introduced (Fersht, 1997) as a measure of the perturbation caused by mutants on the free
energy profile of the wild-type protein. ¢-value analysis has shown that the TS for small
monomeric proteins, which fold and unfold as a single cooperative unit, is compact but
relatively uniformly unstructured, with tertiary and secondary structure being formed in
parallel. The observed ®-values range from O (site unfolded in the TS) to 1 (site fully folded in
the TS), being in general higher in the hydrophobic core than on the surface of the protein. The

distribution of the ®-values is broad and only a few of the residues have ®-values close 1o |,
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Recently, characterization of the refolding properties of a number of simple monomeric
proteins has shown that the distribution of the ®-values is strongly dependent on the topology
of the final folded form of the protein. The influence of other factors, such as equilibrium
stability of the native state and the chain length, are not apparemt (Plaxco et al, 1998).
Therefore, the important question is to understand how the topological restrictions on the
folding pathway result in the experimentally observed broad distribution of the d-values. None
of the current theoretical models addresses this subject properly. Thus, in the nucleation-
condensation mechanism (Fersht, 1997) the TS is seen as an uniformly expanded form of the
native state with a large diffusive nucleus. It is composed of beth neighboring residues in local
secondary structure and long-range tertiary interactions. However, topological properties of
the TS are not specified. In the funnel picture (Bryngelson, 1995), the TS is structurally
degenerated. It is represented by a diffuse ensemble of states, distributed over the top of a
broad free energy barrier. The nucleus is delocalized over the sequence and tertiary contacts.
Finally, in the nucleation growth mechanism (Abkevich, 1994, Ptitsyn, 1994) the topological
dependence applies to the accumulation of a kinetic intermediate with a native-like overall fold.

In this study we present a statistical thermodynamic theory which properly addresses the
topological restrictions on the structural properties of the TS ensemble of conformations. Our
approach is based on the existence of a high free energy gap at the TS level. The role of this
gap is to increase the population of conformational states with productive interactions along
the folding pathway. Thus, at its lowest free energy state, the TS is dominated by
conformations with native-like topology, approximately correctly formed secondary structures
and flexible loops. The population of all other folding alternatives, which include both changes
in topology and secondary structures, are strongly reduced. A lattice mode] is introduced
which takes into account the mutual packing of the secondary structures. Conformational
states of the polypeptide chain are described by the fluctuations of the lengths and location of
the secondary structures along the sequence and in the lattice. A theoretical approach, based
on the statistical mechanics of a linear cooperative system and a self-consistent molecular field

theory, is developed for the calculation of the free energy of the TS. ®-Values are determined

AAF,
—T— | where AAF,. and AAF, , are the perturbations of the

from the expression @ = AAF, ,

free energy of the TS and that of the unfolding free energy upon mutation.
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The theoretical model was tested on a set of small proteins for which the experimental ©-
values are well determined- barley chymotrypsin inhibitor 2 (CI2) (lizhaki et al.,1995);
association of two fragments of barley chymotrypsin inhibitor -[CI2-(20-59) and CI2-(60-83)]
(de Prat Gay et al., 1994}, association of the iwo domains of the Arc repressor of phage P22
(Milla et al., 1994; Milla et al., 1995) and the activation domain of human procarboxypeptidase
(AdaZH) (unpublished data of L. Serrano EMBL, Heidelberg). The calculated ®-values are in

good quantitative agreement with the experimental ®-values.

THEORY

Lattice model

The lattice model is based on packing of a- and{or) B-secondary structures. Steric
restrictions between the secondary structures are taken into account by averaging over the
backbone coordinates of known 3D-protein structures. The volumes of amino acid residue side
groups are usually much smaller than the volumes of - and S-secondary structures and
therefore cannot seriously influence the crude packing of these secondary structures.
Therefore, we use a simplified model for the secondary structures. They are represented by

hypothetical cylindrical surfaces on which C, -atoms of the polypeptide backbone form a right
handed spiral. The side groups of amino acid residues are treated as spheres, the center of
which represents the average displacement of the side groups from the C, -atoms. The lines
which connect the C, -atoms and the center of the side groups are perpendicular to the axes of
the spirals, fig.1. Lattice conformations are described by the conformational freedom of the

loops and by the fluctuations of the lengths and locations of the regular o- and (or) f-regions

along the sequence and in the lattice.
Free energy of protein conformations at TS
The functional form of the Hamiitonian of the protein conformations and its lattice

representation are determined, based on the following experimental observations: 1} Proteins in

the TS are expanded relative to the native state by approximately 10% to 15% (Fersht, 1997).
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Figure.l. Geometrical representation of the idealized & - and ﬁ - secondaty structures. ﬁ -strands and ¢¥ -
helices are represented by the right-handed spirals, The main characteristics of these idealized structures are:
distance between the C . -atoms along the helix axis-d ; helix radius- R ; rotation angle between two closest

o o
C, -atoms along the helix axis-g. For f§-structures we have: d =3.3A, R=0.25A, ¢=189.15". For -

[} ] -
structures we have: d =1.5A, R=2A, ¢=100° The direction of the strand is marked by @ and & is the
direction of the side group placed at the central position 7. (@) of the strand. The effective directions of
C, = H and C, — O hydrogen bonds are also shown. For o -structure effective hydrogen bonds are

directed toward the helix axis, but it is important to note that they are not involved in intramolecular long-
a
range interactions. Both for & - and B -structures the length of C, — O and C, — H is on average 2A.

[¢]
The average displacement of the side groups from Ca -atoms is 3A.
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As a consequence the van der Waals interactions are greatly weakened (>50% relative to
the native protein). 2) Electrostatic interactions on the surface of the protein are also weakened
{Oliveberg & Fersht, 1996). 3) The enthalpy of the TS is higher than that of both the native
and denatured states, which means that the gain in enthalpy resulting from the weakening or
breaking of internal interactions (especially in the loop regions} in the native state is not
completely compensated by the hydration effect in the TS (Segawa & Sugihara, 1984). The
latter has been shown to amount for more than 80% of the total heat capacity change in going
from the TS to the unfolded state (Privalov, 1979). Thus in the TS the interior of the protein is
partly intact and highly hydrophobic (unsolvated) but its surface is flexible especially in the
loop regions. 4) Secondary structures are not fully formed: o-helices are mainly flexible in their
N- and(or) C-terminus, B-sheets are flexible in the ends of the P-strands and at their edges
(Itzhaki et al., 19935; Viguera & Serrano, 1997). 5) Also as follows from kinetic experiments
(lizhaki et al., 1995; Serrano et al., 1992; Lopez-Hernandez & Serrano, 1995; Viguera et al.,
1996; Milla et al., 1995), the close packing of the side chain groups in the hydrophobic core is
never completely broken before the TS for unfolding or completely formed before the TS for
refolding. This means that at least some partial packing constraints exist at the TS which lead
to an increased rigidity of the secondary structures around their buried hydrophobic groups.

For the denatured state ID the experimental results show that the sum of the differences in

heat capacitics AC, in going from the denatured state (D) to the TS and from the native state

(N} to the TS under strongly refolding and unfolding conditions agree well with the difference

in heat capacity in going from D to N in equilibrium conditions, AC, ;s ;, —AC, vy = AC,, 5

{Tan et al., 1996). This suggests that under strongly refolding conditions the D state is
approximately as hydrated as the denatured state under strongly denaturing conditions.
Therefore, as a first approximation the free energy of protein conformations, which populate
the TS, is calculated with reference to a ground state with completely unfolded conformations.
Thus, interactions between residues which are far apart in the sequence, but close in space are
neglected and amino acid residues which are close in sequence are considered as energetically
uncoupled,

From the above, it follows that the main contributions to the stability of the protein
conformations in the TS are determined by: the free energies of the individual residues forming
during the coil-c-helix and coil-#-structure transitions, free energy of residues transferring

from polar to nonpolar medium, as well as the free energy of &-helix initiation, free energy of
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bend formation between a-a, @-f or - structural regions and their non specific
interactions with the rest of the polypeptide chain and the excess free energy of the §-sheet
marginal chains.

Because of the increased rigidity around the hydrophobic core, the most probable
fluctuations of the secondary structures, as indicated by the ®-values apalysis (Itzhaki et al.,
1995; Viguera & Serrano, 1997), is at their N- and C- terminus. Taking into account that in
the TS the terminus of the secondary structures are connected by relatively long and flexible
ioops it follows that as a first approxirnation it is reasonable to neglect the restrictions from the
loop connectivity and to use the mean field approximation-considering the N- and C- terminus
of the secondary structures as independent. Therefore, it is convenient to represent interactions
between the secondary structures in terms of interactions between their N- and C- terminus.
For this, each secondary structure is separated in two parts, one of which is associated with its

N-terminus and the other with its C-terminus, fig.2.

fluctuations
suonoeINUl

2 | C
Foo . H )J ()
(£+l i+ N

Figure.2. A schematic representation of the allowed positions for the N- and C- terminus of the secondary
structures. €3 Marks the position () of the Ca -atoms along the axis of a given secondary structure, whereas
(O-marks the position (1) of a given residue in the sequence. The space coordinate (7}, ) of (O is variable,

whereas the space coordinate (i) of @ is fixed. Thus, (F, ,ni.) and (F‘:H ,nm) are the coordinates of the N-

and C-terminal residoes, whose C,-atoms correspond to the entering or exiting of the polypeptide chain
relative to the axis of the secondary structure. The boundaries marked at the left side of fig.2 represent the
domains of fluctuation. The right side represents the separation of secondary séructures in two parts, which are
ascribed 10 N- or C- terminus. These regions participate in energy interactions between the terminus of
secondary structures.
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Thus the free energy can be presented in the form:
E(O) =XE,.(FE,n..)JFZE,.M(Fi,n,;a,,n,.ﬂ)+%xzjz E, (F.n;F,n,) (1)
i
where Q({ﬁ},{n,—}) determines the locations of the secondary structures along the sequence
and in the lattice as well as the topological connections between their N- and C-terminus. E, is
the internal energy associated with each terminus (for example the sum of free energies of
clongation for - or B-secondary structures for the individual amino acid residues which

contribute to the given termini). E,,  -the energy of interaction between nearest neighbors

A+l
termini along the sequence (for example the bending energy of loop connections between the
N- and C- termimus of adjacent secondary siructures). E,  -non-local energy interactions
between residues which are far apart in the sequence but close in space- for example
hydrophobic and hydrogen bonding interactions.

Strictly E(Q) is the free energy of the solution when the protein conformation is fixed
which means that one has to average over the solvent degrees of freedom. Therefore, in

general E, E;;,, and E ; depends on such parameters as lemperature, salt concentration,

dielectric constant and so on.
Statistical mechanics of the protein conformations in an external field

In the presence of an external field ¢ the last term in (1) is represented in the form:
1 - -
EXZZEM(’?’”i i7m) = B (7n,)
i]itj
Therefore, the free energy of the protein conformations, which populate the TS at its lowest

free energy state, is presented in the form:

E"(Q)=Z(Ei(ﬁ,n,)+ Ei‘p(ﬁ’ni))"' EEn.m (a-n«;ﬁn’nm)

i ia+
where EP (?;,n‘.) is the free energy of the termini { in the presence of the external field.

Hence, to each protein conformations we can ascribe a statistical weight:

=



|
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The free energy of the TS can be obtained by taking the logarithm of the sum over all
possible weights for the available conformational states in the TS. Because in the presence of
an external field the terminus of the secondary structures do not interact with each other the
calculation of the partition function Z is best carried out step by step (de Gennes, 1979;
Dimitrov & Crichton 1996; Dimitrov et al., 1998). We can begin from the N -terminus of the

protein chain and add a new structural terminus { at each step:

Z(Li+1)=

[_ (E-n(rm’ n+1)+EHl(l+1’n”|))+E“+]( l’rﬁl’nl“)]x‘ﬁ(n R )
[RAArEN |

Y z(Li)xexp

" witi RT

where A(n,,nm) A(n (n + ApTrer TR (r r, ))) and An®rt e (r,r

ot ; .+1) is the number
of residues between the ends ¢ and i+1, the A{x) function is equal to 1 if x=0 and zero if
xz0.

The same procedure can be done if we begin with the C -terminus of the chain,

E._ . .r L F i
Z(I+ l,N): Z Z(i+2,N)><BXp(— -+|.:+2(r,+lsn.+|?ri+2,ﬂl+2)JXA(nHl nHz)
({7;*2}'{”;41}) RT

where A(n,,{1 ,nM) = Jff\(rz,,(2 - (”:+1 + An"® (r,-+1 ,r;+2))) and An"” (r,.+| sz) is the minimal

loop length between the ends i+! and {+2. To obtain the whole partition function we must
multiply the N - and C - partition functions for some termini ¢ and take the sum over all of it's
possible states ({if W })
Z(L,N)= Zz(l )% Z(i, N)
{7 Ma )

)= Z(Li)x Z(i, N}

L LF
=—RT xin(z(1, N)) and PP (F ,n, Z(1,N) @

Caiculation of free energy

The free energy of the TS can be calculated on the basis of minimization rules described in
our previous study (Dimitrov & Crichton, 1997). For our purpose as a starting point for the
minimization procedure the most appropriate approach is the well known classical statistical

mechanics Gibbs-Bogoliubov inequality (Gibbs, 1902; Callen, 1985}, which is quite general
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and does not depend on the character of the investigated system. ki states that the free energy
of the system of interest is less than, or equal to, the free energy of the system in the presence
of an external field which approximates part or all of its internal interactions. If we represent

the free energy and the energy levels of the system with and without the presence of an
external field ¢ by F, {E,} and FY, {E,”} correspondingly, the Gibbs-Bogoliubov
inequality takes the form:

F<F*+(E-E%), (3)

Therefore, the free energy of the system of interest can be obtained as a minimum of the

right side of the inequality (3) over the external field:
= : [ — Y
F—rrgn{F +<E E )P"'}

where F® and P? are determined as in (2). It is important to note that inequality (3) gives
only the upper limit to the free energy. Therefore, the choice of the adjustable parameters and
the corresponding potential functions for the pairwise residue interactions are restricted by the

requirement that the limit on the right of inequality (3) be as small as possible.
General charges and minimization of the free energy

From the description of free energy in terms of space and sequence coordinates of the N-
and C- terminus of the secondary structures ({F} },{n,.}) , we pass to the description in terms of

the physicochemical characteristics of the individual residues. This gives the possibility to
represent the free energy of the protein conformations in terms of some average characteristics
of its sequence, such as distribution of hydrophobic and hydrophilic residues along the
sequence, as well as the distribution of residue volumes which are important to account for the
steric restrictions, distribution of jonized groups important in electrostatic interactions and so
on. For this, it is necessary to represent the non-local interactions between the residue groups
which are far apart along the sequence, but close in space in a few multipliers one of which is
associated with the physicochemical characteristics of the individual residues and the other
with the distance between them. The most appropriate form comes from the analogy with the
electrostatic interactions proposed in our previous studies (Dimitrov & Crichton, 1997; Gooly

et al., 1998). The non-local pairwise residue interactions are taken in the form:
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AF(r,,n,,r n; ) i(ni)xf,}.(ﬁ,Ff)xAF_,(nj) 4
where (7,1, ) represent all space and sequence positions inside the N- and C- terminal parts of

the secondary structures; AF, and AF,; are associated with the physicochemical properties of

the individual residue; fq( r, f) S y(f,,ﬁ ) is the geometrical factor which characterizes the

distance dependence of residue-residue interactions determined within a sphere with radius R

(depending on the type of residue-residue interactions) and has the form:
A USRI Y

3R-17 ~7|)=0if [ -7|>R

o(R-|7, -7 [)=1if F-7|<Rr
f (]ﬁ fFjl, R) is the weight radial factor inside the sphere which has to smooth out the

distribution of residue side chains.

In the Gibbs-Bogolubov inequality (3) the last term (E -E “’) - has to be averaged over

the space and sequence coordinates of the N- and C-terminal residues using the probability P*
defined in the presence of an external field ¢. It is important to remember that averaging is
made under the assumption that the N- and C-terminus are independent. In other words, we do
not take into account the restrictions imposed by the chain connectivity. So each residue can
interact with itself. This is the price of the mean field approximation. Whether or not the
probability P? for such a situation will tend to zero depends very much on the protein
sequence. Taking inte account the expression for the pairwise interactions {4), and if the
interaction of the individual residues with the external fields are defined as AF X ¢, the free

energy of the protein conformations can be represented in the form:

F=F 4235500 5,55 )0 () - LT 60 6) ®

i rr‘i mn
i

The summation in (5) is over the terminus of the secondary structures ¢ , over their internal

coordinates 7 and over the type of residue charges m and n. q"‘(F,):(AI-}"‘)P, gives on

f

average the most probable sequence regions and the corresponding residue characteristics in it,

such as hydrophobicity, hydrogen-bonding propensity and so on, which under the fluctuations
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arc located at the internal coordinate 7 of termini § interacting with the given molecular field

tp"’(ﬁ). We call ¢"(7,) the general charge by analogy with the electrostatic interactions. For

oF
the self-consistent solution from —) =0 and h—-§f«w =0 we obtain:

o™ (r &" (%)
%(%w“(ﬁ) and qo'"(ﬁ)=§f2§f;f(ﬁ,ff)-q"(r?f) ®)

where qo"’(ff ) plays the role of a self-consistent field for the charges of type m. The self-

consistent fields (p'"(ﬁ) solve the problem of finding the appropriate external fields by which

the Gibbs-Bogoliubov inequality (3) has to be minimized. Moreover they are defermined in
terms of some average physicochemical characteristics of the protein sequence. Minimization
of frec energy in (5) is carried out by an iteration process. We can begin with some arbitrary
chosen molecular fields or some distribution of average charges. In each step of the iteration
procedure using the equation (6) we define the molecular fields @™(#) which act at each
position ¥ in the lattice. These fields depend on the distribution of mean charges obtained at
the previous step. Thus at equilibrium the charge distribution obtained by the molecular fields
must coincide with the charge distribution by which the molecular fields are defined.
Depending on the sharpness of the minimum it is possible that the free energy will increase if
the step is too long and the minimum is passed. This is overcome by introducing a parameter

A {0< A <1} in the form:

Q’(F): A (fP(F): - (p(F)i-l )+ "49('_:){-1

where | is the number of iteration steps. If the free energy increases A is decreased by half.
RESULTS

Calculations were carried out with different sets of parameters for the secondary structure
formation presentied in table 1. In all cases the mutations of only hydrophobic residues were
considered. This is done for two main reasons, Firstly, the ®-values of hydrophobic residues
are based on packing consideration and thus correlate with the change of solvent exposure
(Fersht at al., 1992; Milla et al., 1995; Burtun et al., 1997). Secondly, the change of rate

constants on mutation of hydrophobic residues correlate with the changes in noncovalent bond
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energies and the reorganizations in the molecular structure caused by the mutation (Fersht et

al., 1992; Matouschek et al., 19953),

Table 1. Coil-helix and coil-sheet formation parameters (kcal/mol) for each of the 20

naturally occuring amineo acids. All data are presented with reference to ALA residue.

-sheet Helix

Residue Minor & Kim, 1994 OWNeijl & Chakrabartty Sheraga Munoz Yanget

site DeGrado, etal., 1994 etal., & al., 1997
internal edge 1990 1990 Serrano,
1995

ALA 0.00 0.00 0.00 0.00 .00 .00 0.00
CYS -0.52 -0.08 .54 0.83 0.05 0.60 1.17
ASP 094 0.10 0.62 0.90 0.27 0.59 0.78
GLU -0.01 -0.31 0.50 0..69 0.06 034 0.21
PHE -0.86 -0.16 0.36 0.93 -0.01 047 1.11
GLY 1.2 0.85 077 1.88 0.35 1.10 1.05
HIS 0.02 0.01 0.71 1.28 0.26 0.62 0.53
ILE -1.0 -0.02 0.54 0.71 -0.04 0.35 0.38
LYS -0.27 0.40 0.12 0.37 0.08 0.15 0.58
LEU -0.51 0.24 .15 0.28 -0.04 0.19 0.36
MET -0.72 0.02 0.27 0.51 -0.07 0.21 0.52
ASN 0.08 0.24 0.70 0.90 0.19 0.60 0.85
TYR -0.96 -0.11 0.60 (.60 0.03 0.47 1.94
PRO >3 >4 377 4.26 3.35 272 2.56
GLN -0.23 -0.04 044 0.57 0.05 0.32 0.80
ARG -0.45 0.43 0.09 0.21 0.02 0.06 041
SER -0.70 -0.63 0.42 0.79 .20 0.50 0.76
THR -1.1 -0.83 0.66 1.33 0.16 0.57 0.88
VAL -0.82 -0.17 0.63 1.06 0.67 0.51 0.73

TRP -0.54 0.17 0.32 0.91 -0.02 047 1.11
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The mutations cover all positions in the final folded structure of the protein which are
important for the stability of the structural frame around which the folding pattern and
topology are formed in the TS: 1) in the hydrophobic core of the protein, 2) at the edges of the
hydrophobic core and 3) at the surfaces of the secondary structures which are exposed to
water.

The change upon mutation of the difference in free erergy between the TS and the ground

state is determined mainly by the difference in free energy of the TS ( F;) between the mutant
and wild-type proteins, RTln(kf”""”” / k}"‘”’"‘) = Fpet — F0"  The rate constant of

folding according to the TS theory of the two-state folding reaction is taken in the form,

F,.

F,
i _ gromt s )
k :e[ "T]/ e[ ’ ] (Zwanzig, 1997). Theoretical ®-values (®““*““") are obtained

,
with reference to the experimentally determined change of free energy in going from D to N

states between the mutated and wild-type proteins, AF WY —= pyeen’ — FAUE and

exp eriment

calculuied
AFyg

wild-iype __ ppwild-npe _ powild-ype caiculated __
AR mem = Fi Fy . Hence, ¢ = , where
experiment
— mutant wild-vpe cafcudated _ pomutant _ gowild-npe
AAF;.xperimem - AFexperimemt AFexperimem and AFTS =F TS F, TS -

Barley chymotrypsin inhibitor 2

The three-dimensional structure of CI2 represents a globular @ +f domain with 64
residues, no disulfide bridges and cis-peptidyl-prolyl bonds (Harpaz et al., 1994). The
hydrophobic core is formed by the packing of six-stranded mixed, parallel and antiparallel, §-
sheet against a single o -helix. In the B-sheet there are 8 hydrophobic residues which
contribute to the hydrophobic core. The o -helix consists of three turns with 4 hydrophobic
groups on its buried side, which contribute to the formation of the hydrophobic core. In
addition there is a small hydrophobic pocket near one end of the reactive-site loop, which
forms a right-handed crossover between the §-strands 3 and 4.

Detailed kinetic and equilibrium experiments have established that the folding and unfolding
of wild-type CI2 and a range of mutants conform to a two-state medel with a single rate-
determining TS {(Jackson & Fersht, 1991). ®-Value analysis has shown that mmtations

affecting residues in the hydrophobic core have higher ®-values than those on the surface of
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the protein (Itzhaki et al., 1995). However, the ®-values have a broad distribution and only
one residue ALLAL6 has its full native interaction energy in the TS (indicated by a ®-value of ~
1.0). In general, the TS of CI2 is compact but relatively uniformly unstructured, with tertiary
and secondary structure being formed in paraliel.

Our calculations together with the experimental ®-values are represented in fig.3. The
calculated and the experimental ®-values are in remarkable agreement. From the calculated @-
values it follows that in CI2 the loop regions, which connect the « -helix with the §-sheet are
flexible and conformationaly degenerated but still continue to contribute to the screening of the
hydrophobic core. On the other hand, loop flexibility increases the conformational variability of
the e -helix and the J3-strands in the §-sheet, which makes the packing between the « -helix
and the -sheet less effective. From the calculated @-values it also follows that the N-terminus
of the @ -helix (ALA35-®=0.94) and the §-hairpin formed between the 5 and 4 3-strands
(LEU68-®=.39; TLE76-®=0.1) are the regions which are most effectively packed in the TS.
This is in full agreement with the experimental ®-values for these regions: 1.06 for
ALA/GLY3S5 mutation and 0.53 for LEU/ALA68 mutation (Itzhaki et al.,, 1995). It follows
that our model predicts correctly the key role of residue ALA16 in the nucleation condensation
mechanism for the folding of CI2 protein.

Interestingly, the calculations show that the ®-values in the minicore are above the
experimental ®-values. The usual interpretation of the fractional @-values for the minicore
suggests that the minicore is not a nucleation center for folding via hydrophobic clustering, nor
that the tertiary interactions appear to form later than secondary interactions, but instead are
formed in paratlel with them (Itzhaki et al., 1995). Also because the Bronsted plot of Ink,
versus AF,_, / RT is 0.3 the interpretation is that approximately 30% of the interactions in
the minicore are formed in the TS state relative to the native state N. According to our model
the right-handed crossover between the f-strands 3 and 4, which form the minicore, has to
appear already in the D state. As a consequence some of the interactions in the minicore in the
TS are approximately the same as in the denatured state. As a result the perturbation of such
interactions will result in small and in some cases zero ®-values. This follows from the fact

spians weld—ixpe _ pmuiant _ powitd-nipe
that Fjma — puid-ive o pawist _ puisd-pe
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Figure.3. Experimental @-values, from refolding kinetic experiments, are compared with the calcutated -
values for the barley chymotrypsin inhibitor 2 (CI2). The ®-values for mutation in the core and in the minicore
of the CI2 are shown separately. d-values are represented together with the schematic representation of the
secondary and tertiary structure of the CI2 as well as its lattice model and the mutated hydrophobic residues.
Calculations are carried out with a set of different experimentally determined parameters for the coil- @& -helix

and coil- 3 -strand transitions, table 1.
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Association of two fragments of barley chymotrypsin inhibitor -[CI2-(20-59) and CI2-
(60-83)]

CI2 has been truncated in two fragments CI2-(20-59) and CI2-(60-83) (de Prat Gay et al,,
1994). The TS for the association of these fragments has been analyzed by protein engineering
methods. It has been shown that the two fragments associate in a second-order and that the TS
for the association reaction is very similar to the TS for the folding reaction of the intact
protein.

According to our model the topelegy plays a critical role in the rate limiting step of protein
folding. Therefore, the experimentally observed similarity between the TS of the intact and
truncated proteins is very intriguing taking into account that for the folding reaction of the
truncated protein there are not any topological preliminary requirements for folding. The
calculated and the experimental d-values are represented in fig.4. The agreement between the
two sets of data is reasonable. According to our model the fragments should not form native-
like structures prior to their association in full agreement with the experimental data. More
importantly the agreement with the experimental data strongly supports the mechanism in
which the folding reaction for the truncated protein also proceeds through the formation of a
high free energy nucleus at the TS level. Thus, the main result from the comparison of the
theoretical and experimental ®-values is that the truncated and the intact proteins have the
same nucleation sites as indicated by their high ®-values. Calculated @-values are shifted down
relative to the experimental ®-values. This is a result of the fact that in our model we do not
take into account the volume effects and van der Waals interactions. On the other hand the
shift clearly shows that the TS for the truncated protein is nearer to the native state than the TS

for the intact protein.

Association of the two domains of the Arc repressor of phage P22

The Arc repressor of phage P22 consist of two polypeptide chains each 53 residues long
{Breg et al., 1990; Milla et al., 1993; Milla et al., 1994). The protein has a well-defined dimeric
structure which consists of an intersubunit, antiparalell 8-sheet and a four ( -helices packed
around a single hydrophobic core. The association reaction of the two polypeptide chains

occurs reversibly and without detectable intermediates in both equilibrium and kinetic studies.
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CI2 two fragment

0.6
0.4 —@—expariment
@ -~ --M -- De Grado
02 ) Chakrabarty
Sharaga
WAITO - -+X = Seranc

--® - Yangslal.

Figure.4, Experimental @-values, from refolding kinetic experiments, are compared with the calculated ®-
values for the association of two fragments of barley chymotrypsin inhibitor -[CI2-(20-59) and CI2-(60-83)]. ®-
values are represented together with the schematic representation of the secondary and tertiary structure of the
CI2 (because of its structural similarity with its truncated form) as well as its lattice model. Mutated
hydrophobic residues are alse shown. Calculations are carried out with a set of different experimentally
determined parameters for the coil- ¢ -helix and coil-3 -strand transitions, table 1.

This indicates that the TS for the association reaction, similarly to the association reaction
of the truncated CI2 protein, is represented by a single folding nucleus. The experimental and
theoretical d-values are represented in fig.5. The agreement between the twa sets of data is

good. All nucleation sites, indicated by their high d-values, are located in the hydrophabic
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core. The calculated d-values, similar to the association reaction of the truncated form of CI2
protein, are shifted down relative to the experimental data. This is because the size of the
nucleus is approximately the same for the Arc repressor, CI2 and the truncated form of CI2
proteins, the position of the TS along the reaction coordinate is mainly determined by the total
exposure of the loop regions. Thus, our prediction is that the TS states for the Arc repressor
and the truncated form of CI2 protein are closer to the native state than the TS of the CI2

protein.

Activation domain of human procarboxypeptidase

The three-dimensional structure of Ada2H represents a globular open-sandwich o +83
domain with 80 residues, no disulfide bridges and 4 trans-prolyl peptide bonds (Garcia-Saez et
al., unpublished data; Vendrell et al., 1991). The hydrophobic core is formed by the packing of
a four-stranded antiparalle] f-sheet against two « -helices. The two helices are oriented
almost exactly antiparallel to each other, are all on the same side of the -sheet, and the helix
axes form an angle of ~ 45° relative to the direction of the #-strands. The loops linking the
secondary structures are significanly less well ordered than the rest of the molecule.
Equilibrium denaturation by urea or temperature is fully reversible at pH 7.0 and fits to a two-
state transition (Villegas et al., 1995).

Kinetics of unfolding and refolding followed by fluorescence does not show the presence of
any kinetic intermediates accumulating in the folding reaction (Villegas et al., 1993). All these
data indicate that the folding of this domain is consistent with a nucleation condensation
mechanism, where the folding pathway has to proceed through the formation of a high free
energy nucleus (Fersht, 1993).

The data for the free energy of denaturation, extrapolated to zero concentration of
denaturant, are represented in Table 2 (unpublished data of L. Serrano EMBL, Heidelberg).
The calculated @-values together with the schematic representation of the secondary and
tertiary structure of Ada2H domain are represented in fig.6. As follows from our calculations
over the different sets of -xperimentally determined parameters for the coil- & -helix and coil-
f-strand transitions, the residues, which are involved in the folding nucleus of the Ada2H
domain, are ILE23, ILE15, LEU26, ALAS2 and VAL54. Their ®-values, as calculated based

on O'Neil and DeGrado parameters which seems to be more consistent with the experimental
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d-values, are 2.60 for the TLE/VAL23 mutation, 1.0 for the ILE/VAL13 mutation, 0.59 for
the VAL/ALAS4 mutation, (.41 for the LEU/VAL26 mutation and 0.35 for the ALA/GLYS2

mutation,
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Figure.5. Experimental ®-values, from refolding kinetic experiments, are cornpared with the calculated @-
values for the association of the two domains of the Arc repressor of phage P22. ®-values are represented
together with the schematic representation of the secondary and tertiary structure of the Arc repressor and the
mutated hydrophobic residues. The lattice model of Arc repressor is also shown. Calculations are carried out
with a set of different experimentally determined parameters for the coil-& -helix and coil- {3 -strand

transitions, table 1.
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Table 2. Free energies of the wild-type and mutant proteins on

denaturation, extrapolated to zero concentrations of denaturant.

Protein free energy of denaturation

(kcal/mol}

wild-type -4.410.1
VAL/ALAI2 -2.640.2
ILE/VALI1S -3.940.1
ILE/VAIL23 -4.310.1
LEU/VAL26 -3.110.1
PHE/LEU37 -1.3+0.2
ALA/GLYS52 -2.7140.1
VAL/ALAS4 -3.350.2
PHE/ALAGT -2.840.1
ILE/VALT73 -2.940.1
ILE/ALAT7 -2.540.1

Thus, our prediction is that ILE23 and ILEI5 are the key residues for the folding of the

Ada?H domain. It is connected with the stability of the N-terminus of the o -helix 2 and its

packing against the §-sheet. In particuiar ILE15 from the #-strand 1 and ALAS52 and VALS4

from f-strand 4 form a small hydrophobic pocket, that packs against the ALA26, while the

ALA23 is screened by the short proline rich connection between #-strand 3 and B-strand 4,

fig.7.

DISCUSSION

Kinetic and experimental studies have shown that small monomeric proteins follow a two-

state folding mechanism in which only the denatured state and the native states are significantly

populated {Viguera et al., 1996; Alexander et al., 1992; Schindler et al., 1995; Kragelind et

al., 1995; Jackson & Fersht, 1991; Burton et al., 1997; Villegas et al., 1995). This means that

the denatured state and the native state are separated by a free energy barrier.
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Experimental and theoretical studies represent strong evidence that at the top of the free
energy barrier the folding toward the native conformation is based on the nucleation growth
mechanism (Abkevich et al., 1994; Fersht, 1995; Lopez-Hernandez, Serrano, 1996). Thus, the
folding problem is reduced to the gquestion of how the folding nucleus at the top of the free
energy barrier is formed from the ensemble of partly structured conformations in the denatured

state.
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Figure.6. Representation of the calculated d-values, based on experimental data tor the free energy of
denaturation of the Ada2H domain. ®-values are represented together with the schematic representation of the
secondary and tertiary structure of the Ada2H domain and the motated hydrophobic residues. The lattice model
of the Ada2H domain is also shown. Experimental data for the free energy of denaturation together with the
sequence and coordinates for the Ada2H domain as well as the hydrophobic residues, which had been mutated,
was kindly provided to us by L. Serrano EMBL, Heidelberg (unpublished data).
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o — helix 2

p-strand 1

Figure.7. Schematic representation of the stabilization of the N-terminal region of the & -helix 2 from the
Ada2H domain in the TS by interactions of the side chains of ILE23 and LEU26 with residues that will form
the hydrophobic core. The field spheres are drawn with the full van der Waal's tadii. The N-terminal region of
the ¢ -helix 2 and the residues ILE15 from /3 -strand 1 and ALAS2 and VALS4 from (3 -strand 4 constitute the

proposed nucleation site.

In this study we address this question by focusing on the role of topological restrictions on
the formation of the folding nucleus. The important role of such restrictions is shown in recent
characterization of the refolding properties of a number of small monomeric proteins. It has
been shown that there is a very strong correlation between the distribution of the sequence
distance between all pairs of contacting residues and the rate at which the proteins fold (Plaxco
et al, 1998). Moreover, there is direct experimental evidence that both sequence and
topological restrictions, operate not only at the TS level but in the denatured state as well
(Martinez et al., 1998; Grantcharova, 1998). This leads to certain obligatory steps in the
folding pathway. For example, it has been shown that optimum sequences for particular -
helices or B-turns along the polypeptide chain significantly stabilize the protein, and in many
cases produce an acceleration of the folding reaction (Viguera et al., 1997).

Thus, while in the denatured state the nucleation process is favored by certain «-helices or

J -hairpins along the sequence, in the TS the nucleation process is favored by their packing
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together with some other portions of the polypeptide chain. It is because of the requirement for
maximum screening of the hydrophobic groups, minimum screening of the hydrophilic ones
and the maximum saturation of the hydrogen backbones, that the packing of the polypeptide
chain in the TS leads to the formation of the folding nucleus with native-like topology and
approximately correctly formed secondary structures. All other folding alternatives which
include both changes in topology and secondary structures are separated by a high free energy
gap. The folding nucleus is represented by the packing of &- and(or) S-secondary structures,
the type and mutual contacts of which determines the folding pattern of the nucleus. Whereas,
the order in which loop regions with different degrees of order connect the secondary
structures in the folding pattern determines the topology of the nucleus.

Loop regions play a critical role in the nucleation process (Grantcharova et al, 1998;
Martinez et al., 1998; Gruecbele & Wolynes, 1998). For simplicity we assume two main types
of loop regions in our model: 1) loop regions involved in crossover and 2) loop regions located
in the periphery (for exampie §-hairpins). Along the polypeptide chain loops are located
predominantly in regions rich in polar residues, whereas o- and(or) 8-secondary structures are
found predominantly in regions rich in hydrophobic residues. These sequence restrictions
combined with the topology determine the order of the mutual packing of the secondary
stractures leading to the formation of the folding nucleus. In general the loop regions located
at the periphery are shorter, solvent exposed and with less tertiary contacts with the rest of the
protein than the loop regions involved in crossovers. As a first approximation, we take into
account only the tertiary interactions of the crossovers.

Because of the flexibility of the crossovers, secondary structures connected to these loops,
have relatively independent conformational freedom. Therefore, the free energy of the
secondary structures is mainly determined by the free energy resulting from the interactions of
residues within and between the secondary structures and the entropy associated with their
conformational freedom. From these considerations it is clear that changes in both topology
and secondary structures of the folding nucleus result in redistribution of the secondary
structures along the sequence and the order of their mutual packing. As a result of this
redistribution the terms contributing to the free energy of the secondary structures and the loop
regions change. This would lead to the change of the relative contributions of the folding
nucleus and the loop regions to the free energy of the protein molecule at the TS level, thus

changing the ®-values, fig 8.
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Figure.8. Schematic representation of the redistribution of the lengths between the secondary structures in
the nucleus and the loop regions, as seen through the change of the free energy profile of the mutant relative to

the wild-type protein. Reaction coordinate is represented by the solvent exposures of the D state ( {,,), TS (Irg)



122 Chapter 5-Topology and transition state homogenity

and the N state (I, ). It is assumed that the mutations do not change the difference of solvent exposure between
the D and N states, A(ln —ZN) = (}, while for the TS A([n -1, ) = A([TS) # 0. The assumption that

A(ln ) N) =} is based on the fact that for two-state proteins only the D and N state are significantly

populated. In the D state there are reconfigurations which include both topological changes and local hydrogen
bond breaking and formation, while in the N staie there are only local reconfigurations around the site of the
mutation. Hence the effect of the mutations on the change in solvent exposure in going from N to D state is
negligible. The interpretation of the experimental data is based on the fact that the TS ensemble is dominated
by conformations in which the contacts between a few residues, which serve as a nucleation sites, are highly
populated, fig.BA. This follows from the reguirement of hydrophobic core formation. Thus &- and{or) ﬂ -
secondary structures, which are packed around the core, have one hydrophobic (in fig.8A this corresponds to
residues 72, n+1 and #+4 from the X -helix) and one hydrophilic surface (residues #—1, n+2 and
n+3 from the & -helix). Along the sequence they are separated by flexible loops rich in polar residues. All
other conformations, in which hydrophobic residues are exposed to the water (for example conformations in
which residue n from position { along the ¢ -helix is translated to position { + 2 ) or hydrophilic residues
are buried in the core (for example conformations in which residue 7 +3 from position { +3 along the & -helix
is translated to position { ), are scparated by a free encrgy barrier. The protein structure around the nucleus has
the most conserved geometry, while other protein portions, such as loop regions, are in process of being
formed, so they are more flexible. The loop regions are characterized not only with degenerate conformations,
but also with the fluctuations of their iengths. Increasing or decreasing of the stability of particular secondary
structure, leads o an increase or a decrease in solvent exposure of some of the hydrophobic groups located on
the edges of the hydrophobic core. This change of solvent exposure is a mesure of the redistribution of the
lengths between the secondary structures and loop regions and corresponds to the movement of the TS toward
the denatured D or the native N states, respectively. At the same time, because of the general inequalities

Izq):fA_&S_zo and —li@zﬁ
AAF, AAF, .

02 AF; 2 AAF, , and AF 202 AAF, |, or AAF, ,, 202 AF., respectively. This ieads o an

<, it follows that O<AF, <AAF, , or

increase or a decrease of the rate constants of unfolding ky and folding & + for the mutant protein relative to

the wild-type, as is shown in fig.8B.

In the case of CI2 the folding nucleus is located in the hydrophobic core formed by the
packing of a single o-helix against a six-stranded mixed, parallel and antiparalell, 3-sheet. The
crossover loops are those between the a-helix and the corners of the S-sheet as well as the

right-handed crossover between fB-strands 3 and 4. There is only one relatively short loop
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connection which is located in the middle of the F-sheet. The symmetry of the lattice, the
symmetry of the location of the crossover loops and the location of the 8 -hairpin in the middle
of the 3-sheet force the residues with the highest ®-values to be located in the hydrophobic
core. Moreover, the location of the residues with highest d-values is not changed if the
crossover between the 3 and 4 #-strands is cut. Arc repressor, a predominantly ¢-protein,
consists of two different polypeptide chains whose association results in a structure in which
the secondary structures and the loops are symmetrically distributed around a single
hydrophobic core. Similar to CI2, in the Arc repressor, the residues with highest ®-values are
also located in the hydrophobic core.

Our results together with the experimental data are in contrast to the funnel scenario for
protein folding where the TS is represented by an ensemble of structurally different
conformations with similar energies (Bryngelson, 1995). According to this approach, the
folding occurs down a funnel along different paralle] pathways. This implies the existence of
different regions along the sequence and in the final folded structure that serve as nucleation
sites. One expects that by breaking loops it is possible to favour certain pathways, rather than
others. This means that the d-values for certain nucleation sites could be drastically reduced or
even nullified. However, this is in contrast to the experimental results reported for CI2 where
actually one of the crossovers was cut, as described above, but the experimental ®-values did
not change significantly. Our calculated ®-values for this modified protein show the same
distribution as the experimental @-values, but with the actual ®-values shifted down (fig.4).
According to our mode! we interpreted these results as a shift of the position of the TS along
the reaction coordinate toward the native state. This is due to increasing of the tertiary
contacts between the fragments of CI2 and decreasing of their entropic contributions. This
means that both the wild-type CI2 and the CI2 with the active side loop cut have the same
common mucleation sites. This strongly supports our assumption that the TS at its lowest free
energy state is populated principally by conformations with native-like topology and
approximately correctly formed secondary structures.

Because of lack of symmetry essential for the localization of the nucleation sites fully in the
hydrophobic core, in some proteins these nucleation sites might in part be situated at the
periphery. This is the case for example for the Ada2H domain whose nucleation sites are partly
located at the periphery according to our calculations. In the AdaZH domain the only S -hairpin

is located at the periphery of the j-sheet, not in the middle as in the CI2. Other 3 -strands are
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connected with crossovers with the two a-helices which are packed from the same side against
the B-sheet. According to our calculations the nucleation sites are located between the first o-
helix and the J-hairpin formed between the 3 and 4 f#-strands. This is similar to the
experimental results which have been reported for the SH3 domain family, where the
nucleation sites are located at the periphery on a single distal loop §-hairpin (Grantcharova et
al,, 1998; Martinez et al., 1998). It has been shown that the formation of this B -hairpin is an
obligatory and rate-limiting step in the folding reaction (Martinez et al., 1998). This strongly
suggests that the formation of the S-hairpin between the 3 and 4 S-strands is also an
obligatory step in the folding pathway of the Ada?H domain.

Our model has some limitations. The geometrical representation of the loop regions does
not include knowledge of their space coordinates. Therefore, it is not possible to account for
the detailed contacts between residues located in the loop regions and the rest of the protein.
Nevertheless, some contributions are taken into account. These include: 1) the free energy of
their bending; 2) connectivity restrictions between the secondary structures and 3) non specific
hydrophobic interactions in the case of crossover loops. We have to maintain that the detailed
knowledge of the loop coordinates are mainly needed for the electrostatic interactions, for the
short turns (as in B-hairpins} and for the final packing of the loops with the rest of the protein
body in the native state. In the TS long loops are disrupted from the rest of the protein and as a
result their long-range interactions are strongly weakened, whereas the short connections have

negligible long-range contacts.

Conclusions

A theoretical model for the folding of a two-state small monomeric proteins is proposed.
The folding problem is reduced to the question of how the folding nucleus in the TS is formed
from the ensernble of rapidly interconverting partly structured conformations in the denatured
state. It is proposed that in the denatured state the folding is energetically favored by certain
highly fluctuating nucleation regions (0-helices and(or) f-hairpins), which in the experiments
based on site directed mutagenesis are revealed by their high ®@-values. In the TS the folding is
favored by the packing of these nucleation regions together with other portions of the
polypeptide chain, thus Jeading to a broad distribution of the {d-values. As a result, in the TS

folding nucleus with native-like topology, approximately correctly formed secondary structures
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and loops with different degrees of order are favored by the existence of a high free energy
gap. A self-consistent molecular mean field theory and a lattice model of the folding nucleus
are presented. The lattice model is based on packing of idealized - and(or) 8-secondary
structures. A statistical mechanics theory of a linear cooperative system is used to ‘inscribe' a
given sequence onto its corresponding lattice model. Molecular mean fields are used to
approximate the non-local interactions between residues which are far apart in the sequence
but close in space. The local interactions between residues, which are close in sequence - as in
the -, B- or loop regions, are accounted for in an explicit form based on experimental
parameters, The distribution of the o~ and (or) f-regions along the sequence and in the lattice,
together with the molecular fields, are self-consistently optimized - threading the sequence in
the initial fields, determining the distribution of the secondary structures along the sequence

and in the lattice, optimizing the fields to this distribution etc.
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SUMMARY

Recent experimental and theoretical studies strongly support the fact that at the transition
state (TS) level the folding of two-state small monomeric proteins, toward the native
conformation, is based on the nucleation growth mechanism. The activation barrier of two-
state folding reaction is predicted to have a strong uphill slope with small (narrow activation
barrier) or large (broad activation barrier) movements along the reaction coordinate. On the
bases of our previous resulis (Dimitrov, R. A., Laane, C., Vervoort, J., & Crichton, R, R.

(1998). Topological requirement for the nucleus formation of a two-state folding reaction.
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Implications for @-values calculations. Profein Science, submitied) as well as the present
results we will show that the high-energy nucleation for two-state small monomeric proteins is
most likely to propagate approximatelly isoenergetically at the TS level, where local and long-
range interactions are cooperatively consolidated trough the overall native fold of the protein.
All other folding alternatives, which include both changes in topology and secondary
structures, arc separated by a high free energy gaps. Our strategy can be formulated as follows.
Firstly, using the library of different packing patterns (represented as a set of most favorable
packing of o- and (or) f-secondary regions) and a limited set of thermodynamically most
favorable topologies associated with them, a statistical mechanics theory of a linear
cooperative system is used to 'inscribe’ a given sequence onto these packing patterns in order
to recognize which topology and packing pattern fits the sequence best. Secondly, the main
features of the packing patterns are determined by molecular fields. Thirdly, the lopologies and
the molecular fields are self-consistently optimized by threading the sequence in a initial field,
by determining the topology in this field, by optimizing the field to this topology, etc. The free
energies of the native packing patterns and topologies are separated by a gap from their
aiternatives. However, the free energies of the protein topologies from the same packing

pattern are rather close.

INTRODUCTION

From known X-ray protein structures, it is now well established that proteins are very
similarly organized, if one restricts the comparison of protein structures to the protein chain
tertiary folds without reference to the exact geometry, chain length and amino acid sequence.
In such a presentation the tertiary fold is fully determined by the sequence of rigid o~ and (or)

B -secondary structures, by their mutual position and orientation in space, and by the irregular

pattern of their connections.!"!! Detailed analysis and comparison of different primary and
tertiary protein structures have shown that in general protein sequences adopt the same fold
and that the folds fall into a limited set of families.12-15 Although we still cannot say how many
protein folds there are, some preliminary estimations show that natural proteins have likely
descended from approximately 1000 different ancestors, and that the number of distinct protein

folds is likely to be between 400 and 700.13.16-i9
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The limited set of protein folds led to the suggestion that the problem of protein structure
prediction can be solved by accumulating sufficient structural data and deriving corresponding
methods for sequence-structure recognition'®3. As a consequence known 3D structures are
used to model their folds. The usual procedure can be represented in a few steps. Firstly, the
known 3D protein structures from the PDB bank are filtered according to criteria such as:
resolution, sequence homology and structural match. Secondly, on the bases of compatibility
scoring functions and appropriate algorithms, the sequence of the tested protein molecule is
aligned to each target fold. Lastly, scores derived from the sequence-structure alignments are
ranked to find the most probable target fold. However, such a intuitively clear approach has its
limitations. The reason is that there is no general mathematical prove for the existence of a
simplified scoring function with native-like structures as global minima. Nevertheless, the
searching for universal scoring functions have lead to the formulation of general physical rules,
which govern the hierarchy of the organization of protein structures.?” These rules impose the
geometrical constraints with respect to the packing and to the mutual orientation of secondary
structures, as well as the restrictions on the arrangement of irregular connections between the
secondary structures, As a consequence the possible protein folds are limited,6.38-41

The objective of this study is to show that the problem of protein structure prediction can
be reduced to find suitable compact packing patterns built by ¢ - and (or) §-regular regions
and the limited set of protein topologies associated with them, followed by the detailed atom-
atom energy calculations to predict the atomic coordinates within this framework of the
thermodynamically most favorable packing pattern. This approach is supported by the resuits
of recent experimental and theoretical studies on the structural properties of the transition state
for the protein folding of two-state small monomeric proteins. 42-46

Thermodynamical experiments have shown that in most cases protein folding and unfolding
involves only two thermodynamically distinct states or phases.4? The folded state consists of a
spatially narrow distribution of structures, whereas the unfolded state contains a much larger
number of distinct configurations with broader spatial distribution. The state at the maximum
in the free-energy profile is called the 'transition state' for protein folding. In general the
double-well free energy profile suggests two relaxation times: one for the motion of a protein
chain in the free energy minimum corresponds to the unfolded state and is very fast. The other
relaxation time is determined by the free energy difference between the folded and unfolded

states and is rate-limiting for the protein folding reaction. In the fast folding part there is a
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reconfiguration via a collapsed 'burst-phase’ intermediate, but this strongly depends on the
conditions. Thus at higher temperatures {another way to control the presence of intermediate
states is to lower the pH or to increase the concentration of denaturants) at which the entropy
contribution is more pronounced, partly structured intermediates are favorable. In contrast, at
lower temperatures, in which the energy contribution to the free energy barrier becomes
dominant, low energy intermediates are disfavored. Finally, the cooperativity suggest that
kinetically the protein folding transition follows a nucleation mechanism. The nucleus is the
lowest of all the free energy barriers in the transition state ensemble of the conformations. It is
represented by certain nonlocal native contacts, which lead to the formation of a critical
fragment, after which the subsequent dynamics lead unidirectionally to the native state.

It is the aim of the present work to show that the high-energy nucleus is most likely to be
formed by the (crude) characteristics of the overall native fold of the protein molecule. After
the mnucleation process is started, the protein propagates further, approximately
isoenergetically, at transition-state level where local and long-range interactions are
cooperatively consolidated through its overall fold. The competing folds are discriminated by
an energy gap.4

Our strategy can be formulated as follows. Firstly, protein conformations at the TS are
described using a lattice model which is based on the packing of a- and(or) B-secondary
structures (packing patterns). Steric restrictions between the secondary structures are taken
into account by averaging over the backbone coordinates of known 3D-protein structures. A
set of packing patterns is constructed which has to be consistent with the length of the tested
protein chains. The computational procedure is not restricted to the idealized geometric
characteristics of the secondary structures but in this article we will use only such simplified

structures. They are represented by hypothetical cylindrical surfaces on which €, -atoms of the

pelypeptide backbone form a right handed spiral (fig.1). The side groups of amino acid
residues are treated as spheres, the center of which represents the average displacement of the

side groups from the C,-atoms. The lines which connect the C,-atoms and the center of the

side groups are perpendicular to the axes of the spirals. Lattice conformations are described by
the conformational freedom of the loops and by the fluctuations of the lengths and locations of
the regular o- and (or) B-regions along the sequence and in the lattice. Secondly, to each
packing pattern, as a consequence of thermodynamic restrictions, a limited set of topologies is

associated. Thirdly, calculations are carried out to determine the free energy of the protein
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over all available sets of packing patterns and topelogies associated with them. Fourthly, the
packing pattern and topology with the minimal free energy is expected to be the same or at
least very similar to the native fold. As a final result one obtains the distribution and
corresponding fluctuations of the secondary regions along the sequence and their contacts in

space.
THEORY
Free energy of protein conformations at TS

Previously*3 it has been shown that the free energy of the TS transient conformations can be
presented in the form:

E(Q)=ZE,(F,,nf)JrZ,Eg‘H](F:,n;;ﬁH,HM)+%XZ;EL;(;’;:”.§F;’”;) (N

(£3)
where Q({rj},{n,. }) determines the locations of the secondary structures along the sequence

and in the lattice, as well as the topological connections between their N- and C-termini. E; is
the mternal energy associated with each terminus (for example the sum of free energies of
elongation for &- or $-secondary structures for the individual amino acid residues which
contribute to the given termini). £, -is the energy of interaction between nearest neighbors

termini along the sequence (for example the bending energy of loop connections between the

N- and C- terminus of adjacent secondary structures). E, .-is the non-local energy of

interaction between residues which are far apart in the sequence but close in space- for
example hydrophobic and hydrogen bonding interacticns. Following equation (1) for each

protein conformation in the TS we can ascribe a statistical weight:

5

The free energy of the TS can be obtained by taking the legarithm of the sum over all

possible weights for the available conformational states in the TS. 454950
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Calculation of free energy

The free energy of the protein fold can be calculated on the basis of minimization rules.45:48-
30 For our purpose, as a starting point for the minimization procedure, the most appropriate
approach is the well known classical statistical mechanics Gibbs-Bogoliubov3!52 inequality
which is quite general and does not depend on the characteristics of the investigated system. It
states that the free energy of the system of interest is less than, or equal to, the free energy of
the system in the presence of an external field, which approximates part or all of its internal

interactions. If we represent the free energy and the energy levels of the system with or without
the presence of an external field ® by F {E,} and F °,{Ef>} correspondingly the Gibbs-
Bogoliubov inequality takes the form:
F<F®+{(E-E®), (3)
Therefore, the free energy of the system of interest can be obtained as a minimum of the
right side of the inequality (3) over the external field:

F=nEli.n{F"’ +<E*E°)P@}

where F® and P® are determined in (3). It is important to note that inequality (3) gives only
the upper limit to the free energy. As a result, the choice of the adjustable parameters and the
corresponding potential functions for the pairwise residue interactions is restricted by the

requirement that the limit on the right of inequality (3) is as small as possible.

Lattice model of the packing patterns and protein lattice conformations.

Thermodynamically favorable packing patterns must fulfill the natural requirement of maximum
screening of hydrophobic groups, minimum screening of hydrophilic ones and the maximum
saturation of hydrogen backbones between f-regions.37 Thus §-strands are grouped in sheets
which form layer structures with other sheets or helices packed on their hydrophobic faces.
When the twist of the f§-strands and their curl is varied, the curl of the f-sheet is also varied
and this makes it possible to pass from a sandwich or @/ structure to a barrel structure. o -
Helices are either stacked around a central core, or form their own layered structures. Steric

restrictions between structural blocks can be taken into account by averaging over the
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backbone coordinates of known 3D-protein structures and by using some simple symmetrical
considerations for the mutual positions of the structural regions.

Lattice conformations of a given protein chain are characterized by: 43 1) type of packing
pattern; 2) number of occupied segments in this pattern-k; 3) N — € direction of the chain

relative to the direction of the occupied segment-7,; 4) position of N and C ends of
secondary regions along the chain and along the segments of the packing pattern-(n,r}. So

each end i is characterized by: ™ <n<n™ 5™ <r <™ and 7, =1 whenthe N > C
direction of the chain and that of the segment, through which the chain, passes is the same. In
the opposite case T, = —1(fig.2).
) worell =1 "N i rPl) T.=-1 'N'
('}mm’rimax)={(l 1) ,(rimm,rfmax)={(3 4) i

(rg”,rj’), T,=1'C (rl”,rz"), T,=-1'C'
where p is the number of one of the packing segments and the following relations must be
fulfilled:
1€psk, 12i<2k, "< <rf and 1) <) <1
To each end of the secondary regions we ascribe only a part of the chain with internal

coordinates described by:

r<r<y-1,1,=1 N  ®'sr<r, 17,=-1 N

rfsrsy, 7,=1 C rn<r<rf-1,7,=-1 C

where for the distribution of n=#n, -7, -{r, —r) along the chain we have:

O0<An<N-(2%k-1)-L

n:“‘"=(il)-[N_A"]+1

2k-1
™ = ni“i“ + An

Here L is a parameter, the meaning of which is the minimal length of globular structural

elements (¢ -or B -regions and loops).

Contribution of the closest residues along the chain

Recently, using site-directed mutagenisis, it was shown for the f-structural propensitics that

they vary depending on both the protein and the site of mutation in the protein.53
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Fig.1 Geometrical representation of the idealized < - and ﬁ- secondary structures. ﬁ-Slrands and X -
helix are represented by the right-handed spiral, the main characteristics of which are: distance between the
C, -atoms along the helix axis- ; helix radius- R ; rotation angle between two closest C,-atoms along the

] a
helix axis-¢ . For B-structures we have: d =3.3A, R=0.25A, ¢=18915". For (r -structures we have:

] o s
d=15A, R=2A, @=100". The direction of the sirand is marked by @ , and b is the direction of the side
group placed at the central position f‘; of the strand (see also in the text). The effective directions of

C,—>H and 'C, = O hydrogen bands are also shown. For ¢ -structures effective hydrogen bonds are
directed toward the helix axis but it is important to note that they are not involved in intramolecular long-range

. . . - o
interactions. Both for & - and [ -structures the length of C, 5 O and C, > H is 2A. The average

(]
displacement of side groups from C_-atoms is 3A.
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N(©)

1 3 3 4
Fig.2 Schematic representation of allowed positions for W' and 'C' ends of structural segments in packing
patterns. Each segment has 12 or 16 positions for C, -atoms for B- or ¢ -structure, respectively. The first and

last position in each secondary structure are not taken into account they only mark the direction of entering and
exiting of the chain, when it goes through some segment. The boundaries marked at the top of fig.2 represent
the domains of vibration and the boundaries marked at the bottom represent the separation of secondary
struetures in two parts which are ascribed to 'N' or 'C’ ends. These regions participate in energy interactions
between the ends of structural regtons.

Also, as a consequence of the comparison of helix propensities derived from small model
peptides (which are mainly determined by the local interactions) and those derived from a
protein, it was shown that there is a link between variation in helix propensity among amino
acids and helix-tertiary interactions. To avoid these difficulties we make the following
approximations: firstly, in the unfolded state of the protein chain, which is taken as a zero free
energy level, each amino acid residue freely explores all its conformational space. In other
words, amino acid residues along the chain are considered as energetically uncoupled;
secondly, the loop regions between the structural blocks in the frame of the packing patterns
are considered as random-coiled like parts of the protein chain with uncoupled residues along
it; thirdly, the free energy of the residue secondary structure propensities does not depend on
their position along the structural regions and the location of the structural regions along the
protein chain. This follows from the assumption that the tertiary interactions are much stronger

determinants for residue preferences to be in a ¢ - or f-state than the short-range interactions

between residues inside the o - or f-structural regions. Further, in equilibrium the structural
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regions in the frame of the packing patterns can be seen as quasi-independent systems
separated by regions with decoupling residues which destroy the linear memory of chain
conformations.

As a consequence of the above approximations the free energy of the structural regions is

described in the form:

E. = AF:ivi (an,,, )+ E (’Fi—l ’ni-l;’:;’nf}-" AEC(‘II:, ) =E (’11 iy )+ £, (E*”J}

A _ -1
= _ coil =regular N
Er—] (ri-l ’ni-l) - 2 AFﬂ (a" ) + AE—l (a".‘—! )
n=l

A

E(Fm)= LA™ {a,)+ AFC(a, )

i
n=|

where AF " (a,,) is the free energy of elongation; a, stands for one of the natural amino

acids and » is its position along the protein chain; AFf',(a,t )and AEC(aﬂF) are the free

¢ i-1
energy of initiation and termination, respectively. For the free energy of & - and f§-structural

propensities we have used the experimental values determined by O’Neil and DeGrado™ and
Milnor and Kim.36:57 The free energy of initiation and termination are determined mainly by the
fixation of the loop regions between the corresponding structural regions along the chain and
are discussed in detail below. For & -helical regions the initiation and termination of free
energy contributions include also the fixation of residues at the N- and C-termini of the helical
regions itself. In the most simple case, when the residue specificity is not taken inte account,
the value of 4kcal/mol is taken from the experimental work of Platzer et al.58 The only
exception is the Pro residue for which a value — RT = -0.6 kcal/imol is added when it occupies
the first (N-terminal) positions of & - and f -structural regions.

As a first approximation the contribution from the loop regions is separated into two main
parts. In the first part residues are evaluated by their tendency to be exposed to solvent. The

loop term has a form:

]

Efn.1)=-Y AF""(a,)

n=1

w1

" -
- foop
Ei+l[ni+11 ’;‘v-l ) - ZAEI,EH (an)
n=1
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AF oo
RT

where AF" = —RTln[l +w, cxp[— JJ represent the loop propensities for the

residue groups3® and AF,*"” is the difference in hydrophobic free energy when a polar residue

is transferred to a nonpolar medium.5? Only interlayer connections are taken into account for

which w, =0.1; otherwise w;, =0. This approximation follows from the requirement that the

hydrophobic core of protein molecules has to be well isolated from the water environment. The
approximation is also consistent with the distribution of hydrophilic residues along the chain
which are mainly concentrated in the loop regions.

The second loop term is connected with the free energy of loop bending. This term
approximates the expression for the free energy of bend fluctuations of long polymer
molecules:$0

Rio
AFbeud - x (A8 2
oL (A8)

where ¢ is the persistent length, L is the chain length, R is the gas constant, T is the
temperature and AQ is the total bending angle between the ends of the chain. The rigidity of
the loop regions imposes restrictions on the chain pathway. For example, antiparallel
association between two J-strands closest along the chain is more favorable than a parallel
ones.}7 For ¢ -helices the rigidity of the loop regions does not impose such strong restrictions.
This follows from the fact that in a typical protein chain the ¢ -helical regions are usually
directed perpendicular to the helix axis. The most simple way to take into account both ¢ -

and f3-structural regions is to approximate the total bending angle between the ends of the

i+l f

loop regions by the bending angles Q(E ) and BM(F ) at the ends of the structural regions 7,

and 7,, and the shortest possible loop between them- |7, —f{| . The length of the loop can be

taken into account by the normalization constant. As a consequence, the free energy AF berd of

loop bending between two closest structural regions along the chain is applied in the form:

(0(r)+ 02 (2)

{3)

where 7, and 7, are the spatial coordinates of the terminal residues; A is the free energy for

E:‘,f+1 (r:' Wy ) =

the total bending angle 7 which corresponds to an antiparalle! association of two [ -strands

closest along the chain. When the loop is attached to an o -helical region the protein chain
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dees not change its direction relative to the shortest loop and the correspending bending angles
are closest to zero. We distinguish two main contributions to the free energy of chain bending:
firstly, the bending of irregular chain portions between closest structural regions along the
chain.37 In this case, the normalization constant A is taken to be =3kcal/mol; secondly, the
bending of structural regions itself. This term is mainly connected with the f§ -strands and gives
the possibility to account for the free energy of a 5 -sheet curl. In this case A is taken to be =8

kcal/mol.
Free energy of long-range interactions
1. Hydrogen bonding interactions

The main role of hydrogen bonding interactions in long-range interactions is stabilization of

B -strands arranged in parallel, antiparallel or mixed f-sheets in the protein globule. For an

@ -helix the majority of hydrogen bonds are already saturated and they cannot be involved in

these sheets and should form their own layers (or clusters). The stability of 3 -sheets and their
dimension (lengths and number of f-strands) is mainly determined by the sum of free energies
of individual residues during the §-structure-coil transition, as well as by the loss of free

energy of the bend formation and by the excess free energy at their edges. The free energy of

bends or loops is already described above. So each amino acid residue involved in a f§-sheet

structure can be characterized by two states, when it is placed in the middle or at the edge of a

B -sheet. A residue in the middle of a 8 -sheet is stabilized by hydrogen bonds on both sides.

From one side the residue is stabilized by its own hydrogen bonds, from the other side it is
stabilized by the hydrogen bonds of previous and subsequent residues along the chain. At the

edges f3-sheets residues are stabilized only from one side by their own hydrogen bonds or by
the hydrogen bonds of their neighbours. To account for these two states it is appropriate (o
involve two points @ and ‘H' which are placed on both sides of each C,-atom (fig.3). These
points must lie on the plane of the f-sheet. The expression for the hydrogen bonding

interactions has the form:

hydr _ _ hvdr - - hvdr
g5 =g xf.j(ri’rj)xqj
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where the hydrogen bonding charges are: ¢*" = -AF,“* and ¢} =1. The geometrical factor

fy s determined by ®(R- 7 -7

), where R =4 A. It is seen that hydrogen bonding

interactions are not symmetrical: £,# £, .

| n+v | | n+v [

-C-N-C o-C- N [-C-N-C o-C-N-
| | | |
loop O H
AF —» HENO
| opll

-N c c o- N C | [-C-N-C «-C-N-

||
O H
coll regular/' H 0

| | |
| C N a-C [-C-N-C o-C-N-

n+“ rl+“, |

|
OH o B gy

\ AFedge/'

Fig.3 Representation of a model for long-range hydrogen-bonding interactions inside ,3 -sheets. Effective
hydrogen bonds are formed between H" — C2' and 0" — C,'" atoms. C;'V- and C,"* -atoms are
located on both sides of C,,-atom, v and [ are their separation along the chain refative to the C, -atom. To
each effective hydrogen bond we ascribe an energy term AF™ = —AF#* where AF* >0 is an additional
free-energy of a residue # at a -sheet edge.57 For the intrinsic free energy of residues, in order to compensate
the additional edge terms, we put AF&"' el — AR 3‘"‘”'”"'"’” +2x AF;""‘“’, where AF;"""""'"'“' is free-

energy difference between the interior of §-sheet and coil. 36
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2. Hydrophobic interactions

o -Helix- o -helix, @-helix- f-sheet or f-sheet- 3 -sheet contacts are stabilized mainly by
hydrophobic interactions. Using the local density as defined by the residue volume distribution
around each position in the lattice,*® we represent the hydrophobic free energy of the

individual residues as:
e = AR x (7). pl7) = zu‘;; x 3R - |7, - 7,|) x £{|7, - 7,|.R)

where AF,."”""b is the difference in hydrophobic free energy when a polar residue is transfered
to a nonpolar medium and p, (F,) is the local density.
Therefore, for the pairwise interactions, it follows:
e =q!™ % £, (7.7 ) ql™

v

where the hydrophobic charges are g;”* = AF*** and g™ =3 is the side chain

volume of residuve j along the chain and Vis the volume of the interacting sphere

V= I4J’L‘A? . f(AF,R}AF for each position along the packing segments.#® The geometrical

factor f, is determined by ﬁ(R—’ﬁ —FJ—|)X f UE —F1|R) The radius R of the interacting

i

sphere is 8}:\. As in the case of hydrogen bonding interactions, hydrophobic interactions are

also asymmetrical: £,# €; .

RESULTS AND DISCUSSIONS

In order to simplify the test of the theory developed in the present paper, we restrict
ourselves to small two-state monomeric proteins with less than 80 residues which nevertheless
cover all basic protein architectures: engrailed homeodomain (lhdd.pdb file) -a 3 ¢ -helix
protein; alpha-*amylase inhibitor HOE-467*A (lhoe.pdb file) -a 6 stranded f-sandwich;
lz(sash)*112 50 S ribosomal protein (Ictf.pdb file) -an e/ B-sandwich with 3 ¢ -helixes and
3 3 -strands; protein G (B1 domain, 2gbl.pdb file) -an o/ 8 -sandwich with 1-helix and 4 §-

strands; major cold shock protein ( 1csp.pdb file) -a 6-stranded f3-barrel.
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A key question is to what extent, from a thermodynamic point of view, the protein
architectures are determined in the TS on the rough level of the overall chain fold, through the
secondary structure packing and loop connection constraints. Our previous results have shown
that at its lowest free energy minimum of the TS, the protein molecule propagates toward its
native state approximately isoenergetically through nucleation-growth mechanism. 45 The
nucleus is characterized by a native like-topology, by approximately correctly formed
secondary structures and by loop regions with different degrees of order. In this study, the fold
recogoition strategy is a consequence of the fact that the native-like nucleus is separated from
all other folding alternatives by a high free energy barrier.

As a first approximation, we do not take into account the internal degrees of freedom for
the secondary structures including main chain as well as side chain bonds of residue groups.
" Hence localization of the secondary structures in the packing patterns is controlled by two
main factors: optimal orientation of residue side groups towards or apart from the core of the
packing patterns with respect to their hydrophobic or hydrophilic character, and maximom
saturation of hydrogen bonds between the f-strands. As a consequence, the secondary
structures of the packing patterns can only be moved and rotated as a whole or twist and curl
for the f-strands. In this paper, we do not take into account the steric restrictions coming
from the packing of residues with different volumes of their side chain groups in the core of
the packing patterns. It is well known®! that high packing densities are readily attainable
among clusters of the naturally occurring hydrophobic amino acids. Therefore, in this study we
address the question to what extent in the TS the protein sequences can select their native fold
from competing folds with high core hydrophobicity but different packing organization.
Geometrical characteristics for the packing patterns are taken from the statistical observation
of known or from theoretical considerations of simplified idealized protein structures. In fact

the packing analysis of & -helices, fB-sheets and o -helices with f-sheets has shown that this
packing is determined mainly by the properties of the polypeptide backbone.8937 In ¢«
structures ¢ -helices are packed at the angles of —50°and +20°; in o/ # or a+ f structures
o -helices are usually packed parallel to 8 -strands and the right-handed twist of a f-sheet
leads to an angle of 40° between two ¢ -helices neighboring in space; in the aligned class of

B structures, where f3-sheets pack face to face, the mean twist angle is 17°, while in the
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a/f structure this angle is 19° and 32°in the barrel structure. The packing patterns of
protein molecules on which the theory presented here is tested are shown in fig.4.

We have examined all possible topologies for the packing patterns of the tested protein
molecules. The usual consideration is based on the fact that for a given packing pattern the full
set of available topologies is represented by 2% . M!, where M is the number of the
secondary structures of the packing pattern.® As a consequence of the assumption that the
connections between the secondary structures neither cross each other, make knots or pass
across the outside of the sheets or helix layers, the number of allowable protein topologies for
each packing pattern is reduced to the sets shown in fig.5. Connections between the secondary
structures which pass across the outside of the sheets or helix layers are not taken into account
because they would essentially create additional layers.

The free energy of the protein at its lowest free energy minimum at the TS is obtained by an
iteration process. 4548 Calculations begin within a given topology and packing pattern. The
protein topology is determined by: 1) the distribution of N- and C-terminus of the secondary
structures along the sequence and in the packing pattern r™ <n<a™ 5™ <r < 5™ (see
fig.2); 2) a secondary structure type associated with each terminus along the sequence; and 3)
the N— C direction of the sequence relative to the direction of the secondary structures in the

packing pattern. Starting conditions include one of the following possibilities: 1) some

arbitrary fixed protein conformation; 2) distribution of mean charges {q,’“(?)}, where m
marks the type of charges; 3} external fields {cpfi (F )}, and 4) probabilities R(n,. F,) for the

distribution of the terminus of the secondary structures along the sequence and in the packing
pattern. The free energy of the protein topology is minimized with reference to the protein
fluctuations in the TS. The results concerning the distribution of protein topologies, with
respect to the free energy over the whole available set of topologies and their corresponding
packing patterns, is shown in fig.6. The results show that hydrophobic and hydrogen bonding
interactions are accurate enough, as a first approximation, for the prediction of the rough
protein fold of the folding nucleus. However, there are exceptions. One small protein, for
which the lowest free energy of the nucleus was not attained at its own native packing pattern

and native topology, is HOE.
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HDD

HOE

CTF

2GBI

CSP

Fig.4 Representation of lattice models for several protein architectures. The distance between B -strands in

o
the central region of cach f-sheet is 4.7A . The twist of the [ -strand ¢ =189.15" gives rise to the right

twist of 3 -sheets with an angle of 19° between the closest 3 -strands in the sheet, The [ -sheets in their turn

o
form an angle of 30" between each other. The distance between the central regions of 3 -sheets is 10A . The

Q
distance between the  -helices and the [3-sheet is also 10A . The arrangement of & -helix in the HDD

motecule is obtained after averaging over its X-ray structure. The geometrical characteristics for the ﬁ -barrel

are taken from the paper of Murzin et 2189 The direction of central side groups in all packing patterns is
toward the center of their cores. The effective directions of ‘C'u — H and 'Ca =) hydrogen bonds, when

the N — C direction of the chain is the same as in the [ -segment through which the chain passes, are
[E xd ] and - [E Xd ] , respectively. When the chain direction is opposite to that of the [ -strand, we have for

the direction of 'Ca - H -[5)(5] and for 'CR =0 [EXE].
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CTF HOE
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Fig.5 Most favorable set of tertiary folds for each packing pattern. Fig.5A presents the available folds for HDD,
CSP and GB1 protein molecules. For HDD, in the case of left-handed Of-helix bundle, there is an additional set
of folds which are not shown because they are mirror-images of those shown. Fig.5B include the available folds
for HOE protein. Together with their mirror-images, indicated by the position and orientation of the N-
terminus of the chain, they form the full set for CTF molecule. For each protein molecule and its packing
pattern the coresponding native fold is presented.
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The folding nucleus for this protein molecule prefers the packing pattern of the barrel
structure, rather then its own aligned packed f-sandwich structure. In the barrel structure,
because of the absence of sheet edge effects, the concentration of the hydrophobic residues
with bulky side chains is mainly directed towards the core of the barrel. Calculations show that
the dimension of nucleus core, with a barrel packing pattern in terms of occupied core 8-

strand positions, is the same for all protein sequences- 5 positions on each fB-strand. As a

consequence the protein sequences differ from each other by the density they produce in the
nucleus core. HOE is a protein molecule in which the volume of the hydrophobic nucleus core
is very large and approximately one additional alanine residue greater than in the case of the
CSP molecule. The other protein sequences, compared with that of the CSP molecule, cannot
achieve efficient intemnal packing when organized into a nucleus with a barrel packing pattern.

This result, together with the experimental fact that the globular proteins are characterized
with high packing densities, confirm the already existing understanding that protein
conformation is linked tightly to internal packing. Thus, depending on the protein sequence,
some folds (which have high core hydrophobicity because of bulky hydrophobic groups) may
not be realized because of packing constraints.

We have also analyzed the iteration pathway to the equilibrium state in the frame of each
packing pattern and its corresponding topologies. The calculations were carried out from
random starting conditions. Results show that the protein quickly reaches a compact structure
in the packing pattern and after that slowly rearranges until most of the hydrophobic regions
are incorporated in the core of the compact structure already formed. The equilibrium state
does not depend on the starting conditions. It is mainly due to the fact that there are no
restrictions caused by volume overlap of residue side chains and as a consequence the average
environment of amino acid residues in the hydrophobic core of the nucleus is uniform.

The requirement of maximum screening of hydrophobic groups, of minimum screening of
hydrophilic ones and of maximum saturation of hydrogen backbones, imposes restrictions on
the protein sequences and on the formation and localization of the secondary structures in the

packing patterns of the nucleus.
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Fig.6 Representation of the distribution of tertiary folds for each protein sequence over the full set of tertiary

folds and packing patterns. The free energy is presented in RT units (T = 300°K). Black arows show the
positions of the native tertiary folds for the corresponding protein sequence when it is inbedded in its own
native packing pattern. Each bar represent a group of tertiary folds for which the free energy difference between
the coresponding folds is less or equal to 0.5 RT units.
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For example, the - or f-regions must have at least one hydrophobic surface through
which they can interact with each other. In our approach such kind of restrictions are
automatically taken into account. Depending on the topology and on the packing pattern of the

mucleus, - and f§-secondary structures along the sequence are immersed into different

potential holes (in the present paper we analyze mainly the hydrophobic and hydrogen bonding
potentials). The size of the potential holes is proportional to the average size of the nucleus
core around which the secondary structures are stacked. This is illustrated on fig.7B and C,
where in the case of the CTF protein, the distribution of hydrophobic and hydrogen edge
charges in the native nucleus of this molecule are shown. An important feature of the results
presented in fig.7A is the high accuracy with which the native secondary regions along the
sequence are localized in the packing pattern of the nucleus. One has to take into account that
the calculations are carried out over the idealized structures, and in some cases the deviation
of the native structures from the idealized is too high. For example, the average range of the

angle between the f-strands and the helix axis projected onto the f3-sheet or onto a plane

normal to it is —20° and +10°, or 0 and + 20°, respectively.’? The explanation is that the
mutual orientation of the secondary structures modify only the shape of the core region, but
not its average size and structure. In order to maximize the hydrophobicity of the core, the
secondary structures have to be packed against each other with approximately the same
sequence regions. When there is a deviation between the mutual orientation of the secondary
structures in some parts of the idealized and native protein structures, this is achieved by the
shift of the corresponding sequence regions relative to the secondary structures in the packing
patterns. In this way the direction of the hydrophobic groups toward the core of the packing
patterns is maintained. In the case of f-strands the minimal shift is two positions and in the
case of ¢ -helix the shift is one helix turn. This is exactly what one can observe in fig.7A.
Regardless of the topology and the packing pattern of the nucleus approximately the same

sequence regions are involved in the o - and §-secondary structures. On the other hand, this

ensures approximately the same total surface screen from water.
Taking also into account the dependence of the overall free energy of the nucleus with
respect to the relative orientation of secondary structures by means of loop bending,

calculations show that the fold stability of the nucleus is controlled by the following rules:




Chapter 6-Fold Prediction 155

a) J-fold- Sequence regions enriched by strong hydrophobic residues are located inside the
B -sheets, while weak ones are located at the edges. Amino acid residues with a small free

energy loss compared with the positions located inside the f-sheets are also located at the 8-

sheet edges(fig. 7B,C).
A B ¢
I II

110 £1.5(110) 62 £1.3(64)

16 £11{116) 58 +0.6(58)
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Fig.7 Representation of the predicted tertiary fold of the CTF protein. In fig.7A arrows show the direction of
segments of the packing patterns. The Roman numbers mark the number of pattern segments, the Arabic
numbers accompanied with sign show the position of the corresponding chain regions along the chain and their
direction relative to the patiern segments through which they pass. The calculated sequences and fluctuations of
the structura! regions along the chain are marked by bold Arabic numbers. In parenthesis are shown the
corresponding X-ray determined structural regions, Fig.7B,C,D show the distribution of the average

hydrophobic {fig.7B for § and fig.7D for Ot pattern segments) and edge hydrogen binding charges (fig. 7C for
B pattern segments). In fig.7B B -strand positions, which are oriented toward the core of the packing paitern,

are marked by arrows. It is seen from the figure that for the packing segments, which are situated in the middle
of the & - or ,B - layers, the core positions as marked by dashed lines, are occupied by chain regions enriched

by strongly hydrophobic residues. At the same time the f3 -packing segment are characterized by high positive
edge free energies,

Taking into account that the hydrophobic core of the nucleus has to be well isolated from

the water environment, the free energy of the nucleus has to decrease in the presence of long
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interlayer connections. This is also consistent with the distribution of hydrophilic residues
along the sequence which are mainly concentrated in the loop regions.

b) a-fold- The choice between the left-twist or right-twist of the « -helical regions
depends on the slope between the hydrophobic paths on the surface of the o -helices and their
axes. In addition the dependence of the overall free energy of the nucleus on the relative
orientation of ¢ -helical regions by means of loop bending-fig. 7D} has to be taken inte account.
The free energy of the nucleus topology at a given twist of the ¢ -helix bundle is mainly
determined by the free energy minimum of the loop bending and the maximum screening of the
hydrophobic residues at the last turns of the & -helices.

¢) a/f-sandwich fold- The nucleus topology is mainly determined by the competition

between the maximum saturation of hydrogen backbones inside the S -sheets or their splitting

into o -helical regions and a gain in decreasing the free energies of loop bending. Also the
primary structures of the ¢ -helical regions must be enriched by amino acids with a higher
helix-forming propensities, but the localization of the helical regions in the packing patterns of
the nucleus is determined mainly by the ability of their hydrophobic groups to be built into the
core of the packing patterns.

d) f3-barrel-fold- In a nucleus with a barrel packing pattern, instead of free energy lost at

the edges of the [ -sheets, there is a loss of free energy on the curl of the sheets. This is

because the edges of the sheets are hydrogen bonded. The free energy of loop bending does
not change considerably from topology to topology. Instead the main topology restriction
comes from the fact that hydrophobic groups are mainly concentrated on one of the sheet

sides, i.e. the one which forms the core of the barrel.

CONCLUSIONS

At the TS level all possible protein conformations can be split out into different ensembles.
The crude characteristics of these ensembles are described by the limited set of
thermodynamically most favorable folds. At the lowest free energy minimmum of the TS the
protein molecule propagates toward its native state approximately isoenergetically through a
nucleation-growth mechanism. The nucleus is characterized by native like-topology, by
approximately correctly formed secondary structures and by loop regions with different

degrees of order. The main contributions, which stabilize the native-like fold of the nucleus in
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the TS, are the long-range hydrophobic and backbone hydrogen bonding interactions, as well
as free energy of loop bending and free energies of secondary structures formation. The
selection of the protein fold is mainly determined by the most general characteristics coded in
the protein sequence such as: the distribution of hydrophobic and hydrophilic residues along
the chain, the ability of amino acids to form different secondary structures in compact chain
conformations by hydrogen bonding with their spatial or protein chain neighbours and by the
general rules which govern the packing of the secondary structures. In the TS the free energies
of the native folds are separated by 'gaps’ from all other folding alternatives. However, the
difference between the free energies of the topologies from the same packing pattern are rather
small. Also the accurate prediction of the native fold is not possible without taking into
account steric restrictions arising from the packing of residues with different volumes of their
side chain groups. The corresponding method for taking into account the steric interactions
between side chains of residue groups on the basis of the self-consistent field approach will be

presented shortly.
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7 Summary

The research described in this thesis has been carried out to obtain a better understanding of
the fundamental rules describing protein folding and stability. There are a few major questions

around which this thesis is focused:

- What are the sequence requirements for proteins to fold rapidly and to be stable in their
native conformations?

- What are the thermodynamic mechanism(s) of protein stabilization and the kinetic
mechanism(s) of folding?

- Are there special native structures (packing patterns) that are more likely to correspond to
the native structures of foldable proteins?

- What is the best approximation for protein-folding energetics?
The organization of the thesis is as follows:

CHAPTER 2
After a short introduction (chapter 1), a review of the basic physical principles that govern
protein structure and the thermodynamics, as well as the kinetics of protein folding and

unfolding reactions is presented.

CHAPTER 3

This chapter focuses on the electrostatic contribution to the protein stability. Electrostatic
interactions are described on the basis of a novel approach which uses the idea of a self-
consistent field adapted from statistical mechanics. This theoretical approach describes in detail
properties as titration curves, protein siability and pK, shifts. The main conclusions are: firstly,
the calculated results are in excellent agrecement with the experimental data, when the solution
of Poisson-Boltzmann equation (PB) is based on the assumption that the ionized residues are

seen as part of the high dielectric medium (rather than the interior of the protein molecule);
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Secondly, the solution of PB equation outiside the protein interior, depends on local
characteristics, such as the packing of chain portions around ionized residues, rather than on
the detailed shape of the protein molecule. Lastly, at "natural-like" conditions the contribution
of electrostatic interactions to the free energy difference between the unfolded and folded
states of protein molecules is close to zero. This indicates that the main driving forces for
folding of protein molecules under these conditions are hydrophobic and backbone-backbone

hydrogen bonding interactions.

CHAPTER 4

Chapter 4 concerns the application of the theory of electrostatic interactions to the
calculation of the pKa's of the 98 residue [-elicitin, cryptogein. Unusual in this protein is the
existence of four ionized groups buried in the hydrophobic core. This touches upon an
important question: what are the diclectric properties of the protein interior? The NMR
structure of the 98 residue B-elicitin, cryptogein was determined using "N and C/'°N labeled
protein samples. The structure was calculated with 1047 intrasubunit and 40 intersubunit NOE
derived distance constraints and 236 dihedral angle constraints for each subunit using the
program DYANA. The twenty best conformers were energy-minimized in OPAL to give a
root-mean-square deviation to the mean structure of 0.82 A for the backbone atoms and 1.03
A for all heavy atoms. Using 'H,">N HSQC spectroscopy the pKa of the N- and C-termini,
Tyr-12, Asp-21, Asp-30, Lys-61, Asp-72, Tyr-85 and Lys-94 were determined and the
obtained results support the proposal of several stabilizing ionic interactions including a salt
bridge between Asp-21 and Lys-62. The hydroxyl hydrogens of Tyr-33 and Ser-78 are clearly
observed, indicating that these residues are buried and hydrogen bonded. Two other tyrosines,
Tyr-47 and -87, are also not solvent accessible and show pKa’'s > 12. However, there is no
indication that their hydroxyl atoms are hydrogen bonded. Calculation of theoretical pKa’'s
show general agreement with the experimentally determined values and are similar for both the

crystal and solution structures.

CHAPTER 5
In chapter 5 the topological requirement for the nucleus formation of a two-state folding
reaction is considered. The self-consistent field approach is discussed to calculate the free

energy of the folding nucleus. A self-consistent field is used to approximate the description of
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the elementary long-range interactions, such as hydrogen bonding and hydrophobic
interactions. Residue propensities for the corresponding ¢ -, B- and irregular chain regions as
well as the free energy of chain bending are considered in an explicit form based on
experimental parameters. A theoretical model for the folding of two-state small monomeric
proteins is proposed. The folding problem is reduced to the question of how the folding
nucleus in the transition state (TS) 15 formed from the ensemble of rapidly interconverting,
partly structured conformations in the denatured state. It is proposed that in the denatured
state the folding is energetically favored by certain highly fluctuating nucleation regions (ot-
helices and(or) #-hairpins). In experiments based on site directed mutagenesis these nucleation
regions are revealed by their high ®-values. In the TS folding is favored by the packing of
these nucleation regions together with other portions of the polypeptide chain thus leading to a
broad distribution of the ®-values. As a result, the folding nucleus with native-like topology
and approximately comrectly formed secondary structures and loops is favored over other

folding nuclei.

CHAPTER 6

In chapter 6 a discussion of the problem of protein fold recognition of small monomeric
proteins with less than 80 residues is represented. The fold recognition strategy is based on the
fact that: firstly, at the transition state level all possible protein conformations can be split out
into different ensembles of similar structures. The crude characteristics of these ensembles can
be described by the limited set of thermodynamically most favorable protein folds; secondly,
the folding nucleus with native-like overall fold is separated from all other folding alternatives
by a high free energy barrier. As a result, at the lowest free energy minimum of the TS state the
protein molecule propagates towards its native state approximately isoenergetically through an
ensemble of conformations of its native fold. The main contributions, which stabilize the
protein folds at the TS level, are the hydrophobic and long-range backbone hydrogen bonding
interactions, as well as the free energy of chain bending, and free energies of secondary
structures formation. The selection of the protein architectures is mainly determined by the
most general characteristics encoded in the protein sequence, such as distribution of
hydrophobic and hydrophilic residues along the chain, the ability of amino acids to form
different secondary structures in compact chain conformations by hydrogen bonding with their

spatial or chain neighbors, and the general rules which govern the packing of the secondary
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structures. At the TS, the free energies of the native folds are separated by a 'gap' from the
lowest free energies of the folds from structurally different packing patterns. However, the
difference between the free energies of the native folds and the lowest free energies of the folds

from the same packing patterns is rather small.

CONCLUSIONS

In conclusion, this thesis has resulted into new insights on the folding of protein molecules
and how the folding reaction depends on such characteristics as environment conditions
{concentration of denaturants, pH, temperature ¢tc.) and amino acid composition. In particular
the folding problem of a small two-state monomeric proteins is reduced to the question of how
the folding nuclevs in the TS is formed from the ensemble of rapidly interconverting partly
structured conformations in the denatured state. It is shown that sequence, topological and
symmetrical restrictions fully determine the folding pathway between the quasi-equilibrium pre-
transition region and the TS. It is realized that the search for a unique structure involves the
discrimination between different overall folded structures, and that the collapse into a globule
having secondary structure does not by itself solve the problem of the search for a unique
three-dimensional structure. An improvement in predicting the correct energetics of the
residue-residue interactions is achieved. A lattice model, based on a more realistic
representation of protein chain conformations, including secondary structure formation and
side chain packing which are crucial for the formation and stabilization of the native state is
presented,

Future research should elucidate the role of sequence and topological restrictions on the
nucleus formation in multi-domain proteins. Steric restriction arising from the packing of
residues with different volumes of their side chain groups should be taken into account also. In
addition a more realistic representation for the loop regions is needed in the case of proteins

with sequences greater then 80 residues.



Samenvatting

Het onderzoek in dit proefschrift is erop gericht een beter inzicht te krijgen in de factoren
die bijdragen tot eiwitvouwing en eiwitstabiliteit. Op de volgende vragen wordt getracht een

antwoord te verkrijgen:

-Aan welke voorwaarden moet de aminozuurvolgorde van een eiwit voldoen om snel en
stabiel te vouwen tot een stabiele, natieve conformatie ?

-Wat zijn de thermodynamische karakteristieken van eiwitstabilisatie ?

-Wat zijn de kinetisch mechanismen van eiwitvouwing 7

-Zijn er speciale basisstrukturen ("pakkingspatronen") die overeenkomen met de strukturen
van ciwitten ?

-Wat is de beste manier om de energie-processen van eiwitvouwing te beschrijven?

De opbouw van dit proefschrift is als volgt: Na een korte inleiding over het belang van de
bestudering van vouwingsprocessen {Hoofdstuk 1), volgt een overzicht van de elementaire
fysische principes die de structuur van een eiwit bepalen (Hoofdstuk 2). Naast
thermodynamische grondslagen worden ook de Kkinetische aspecten van vouwing en
ontvouwing behandeld. Hoofdstuk 3 handelt over de rol van electrostatische interacties. Om
inzicht te krijgen in de rol van electrostatische interacties in eiwitten is een nieuwe fysische
benadering toegepast: +Self-Consistent Field Approach-. Deze theoretische benadering kan
gebruikt worden zowel voor pK, als voor eiwitstabiliteit berekeningen. De belangrijkste

conclusies uit Hoofdstuk 3 zijn:

a) De verkregen oplossingen van de Poisson-Boltzmann vergelijkingen zijn in zeer goede

overeenstemnming met de experimentele gegevens;

by De oplossingen van de Poisson-Boltzmann vergelijkingen buiten de kern van een eiwit
molecuul zijn afhankelijk van locale eigenschappen, zoals de pakking van de zijketens van

aminozuurresiduen rond geladen groepen;
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¢) Tenslotte, de bijdrage van electrostatische interacties aan de vrije energie verschillen
tussen gevouwen en ontvouwen eiwitten is onder natuurlike condities zeer gering. De
belangrijkste drijvende krachten bij eiwitvouwing zijn hydrofobe en +backbone-backbone- H-

brug interacties.

Hoofdstuk 4: pKa's van geladen aminozuren van B-elicitine worden berekend. Hierbij wordt
gebruik gemaakt van de door ons ontwikkelde theorie van electrostatische interacties.
Opmerkelijk is in f-elicitine dat er vier geladen aminozuren in het hydrofobe centrum te vinden
zijn. De vraag kan derhalve gesteld worden: Wat zijn de dielectrische eigenschappen in het
inwendige van dit eiwit ? De drie-dimensionale struktuur van dit 98-aminozuur grote eiwit is
bepaald met behulp van bekende NMR metheden. Het was noodzakelijk het eiwit te verrijken
met “N en “C/N. De 3D struktuur is berekend met het programma DYANA,
gebruikmakende van 1047 intrasubunit, 40 intersubunit afstanden (verkregen uit NOE spectra)
en 236 dihedrale hoeken. De 20 beste strukturen zijn energie geminimaliseerd met behulp van
OPAL. Uit de NMR resultaten zijn de pKals van Tyr-12, Asp-21, Asp-30, Lys-61, Asp-85 en
Lys-94 verkregen.

De berekening van de pKa's van deze residuen, met behulp van de +Self-consistent Field
Approach- uit hoofdstuk 3, laat zien dat er een goede overeenkomst is met de experimenteel
verkregen waarden.

In Hoofdstuk 5 wordt de topologische vereisten voor +nucleus--vorming van een twee-
toestanden vouwingsreactie bestudeerd. De +Self-consistent Field Approach- wordt gebruikt
om de vrije energie van de vouwings +nucleus- uit te rekenen. Een goede berekening van de
H-brug en hydrofobe interacties is hierbij essentieel. Ook worden aminozuur "propensities”
("neigingen”) voor o-helices, -sheets en "loop” gebieden, alsmede de vrije energie van een
polypeptide keten "vervorming" in een expliciele vorm (dmv experimentele gegevens)
meegenomen in de berekeningen. Een theoretisch model voor de vouwing van een twee-
toestanden vouwingsreactie van kleine monomere eiwitten wordt door ons geponeerd. Het
vouwingsprobleem wordt gereduceerd tot de vraag hoe de vouwings "nucleus” in de
overgangstoestand gevormd wordt uit een ensemble van snel in elkaar overgaande, gedeeltelijk
gevormde strukturen van de omtvouwen toestand. Wij stellen voor dat in de ontvouwen
toestand van een eiwit de vouwing energetisch bevoordeeld wordt door snel fluctuerende

“nucleation” gebieden (u-helices of B-hairpins). In experimenten van Fersht en Serrano worden
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deze gebieden gekenmerkt door hoge @©-waarden. In tegenstelling tot de ontvouwen toestand
van een eiwit wordt de vouwing van de overgangstoestand bevorderd door de groepering
("packing") van deze "nucleation” gebieden met andere gedeelten van de polypeptide keten. In
de overgangstoestand heeft de vouwings "nucleus” een struktuur die op de werkelijk
gevouwen toestand lijkt (een "native-like topology™), met bijna correct gevormde secundaire
strukturen en "loops". Het ensemble van op elkaar gelikende strukturen in de
overgangstoestand heeft een energie verdeling met een Boltzmann distributie.

In hoofstuk 6 wordt het probleem van eiwitvouwing van kleine momomere eiwitten
besproken. We (rachten de vraag te beantwoorden waarom een eiwil in een bepaalde "fold”
terecht komt en niet in een andere "fold". Onze strategie is gebaseerd op het gegeven dat:

a) in the overgangstoestand alle mogelijke conformaties van een eiwit uitgesplitst kunnen
worden in verschillende ensembles van op elkaar gelijkende strukturen. De (grove)
karakteristicken hiervan kunnen beschreven worden door een beperkte set van de
thermodynamisch meest waarschijnlijke “folds".

b) de vouwings +nucleus- met de "fold" die het meest lijkt op de natieve toestand is
energetisch gescheiden (dwz lager in energie) van alle andere vouwingsalternatieven.

Dientengevolge, gaat het eiwit molecuul in de laagste encrgie toestand van de vouwings
"nucleus” bijna isoenergetisch, via een ensemble van conformaties van de natieve "fold", naar
de natieve gevouwen toestand. De belangijkste bijdragen aan het stabiliseren van de eiwit
"folds" in de overgangstoestand zijn hydrofobe en "long-range backbone-backbone” H-brug
interacties, de vrije energie van een polypeptide keten vervorming en de vrije energie van
secundaire struktuur forinatie. De beantwoording van de vraag waarom ¢en eiwit in een
bepaalde "fold" terecht komt en niet in een andere "fold" wordt bepaald door algemene
karakteristicken, zoals de aminozuur sequentie, de distributie van hydrofiele en hydrofobe
residuen, de mogelijkheid van aminozuren om verschillende secundaire strukturen aan te
nemen, alsmede door algemene regels die de pakking bepalen van secundaire struktuur
toestanden. In de overgangstoestand zijn de vrije energieén van de natieve "folds” lager in
energie dan de laagste vrije energie niveaus van de andere "folds". Echter het verschil in

energie is gering.
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JaKJirodeHne

MpoBedeHATe B TPEACTEBEHATE NOCTOPCKAE ONCEpTealWd
NCAEOBAHNR MMAT 34 Ued 08 PA3WNAPST 1 YTOURAT ChULeCTsyBalLNTe
TmpencrTasn 3t QJ}}HD.GMEHTBJIHHTE C]JVI3W-IHH TMTPUHUATT KOWMTO OTTUCBABT
6entbuHaTe KnHeTuke (BK) n TepMoRMHEMAMHE cTabnaHoCT (TC) Ha
6enTyuHaTa mMonekyne (BM). CnenHuTe dyHOAMeHTaNHW BBTIPOCE
CTO¥AT B OCHOBATA HE TIPOBEABHATE UCNEABEHNS:

-KakBn OTPBHUYEHNR TPAGBA 06 Ce HANOWAET BHPXY BHIMONHUTE
papuauuk B paszTpenesieHNeTOo HEB 8MMWHO KucennHnte (AK) 1o
OsXKHaTa Ha GelTyuHaTa sepura (BB) 38 Na ce HaManW BpeMeTo 34
X0eT0o BM mpemMiHaBaikK TTpes pa3sinuri KOHGOPMALNGHHH W 3MeHeHns
ce TpaHchopMwnpa B CBOSATE BUONOTMYHO aKTWBHE KOHbOpMaLWA
(BAK)? KaK HaNOMEHUTe OTpPaHWJEeHUs BBPXY pa3mipefeneHneTo Ha
AK ce otpasssar Ha TC HA enThUHATE MoNeKyna?

-Kaxken ca PU3MYECKIUTE TIPAHCULUWTIY M MEXBHY3MBT Ha BK n TC Ha
bAK?

-ChujecTaysa aM cTieunanes Habop oT KondopMauny Upes KOATO N
caMo Jdpes Kokto b MoraT 08 oCcHWECTBABAT CBONTE BACNOTHUHO
AKTUBHA HYHKUWN?

-KakBW ca OCHGOBHATE B38WMOMEACTBUS KOWTO oOTNCBAT
KOHPOPMBLUNMOHHUTE W €HEPTEeTUUHA W3IMEHEeHWS & TAKa CHLUlo
HaTIpaBfeH®eTo HA BK 1o mocoka Ha BAK?

MpencTageHaTae OOKTOPCKSE BUcepTaUna e OpraHi3npoHa B
cnedgHnWTe TNasw:

rnaBa 2

Crnen KpaTko pbBedeHde (TJasa 1), B Tnaega 2 e ¥3N0XKeH 0630p
Ha ceulecTByBawWnTe GW3NUHY Teopun 38 GyHOaMeHTanHATe
MPUHUNATIN KOUTG C& TTOROXKEHY B OCHOBATA HA TPeTUUHaTa CTPYKTYpa
Ha BM, HeAHaTa TC » MexaHN3MBT Ypea KoiwTa BM ce TpaHcopmupe B
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npope K o6paTHa TMocoKa Mexay ceoATa LAK n aHcemban®T 0T
KordopMaUMK KOATO Ce MoNBYaga TIph HEeAHBTA OeHaTypayuns.

ITABA 3

B ra3n rnasa e W3CAe0BAHA NPAPOOATO HB enekTpocTaTuYecKnTe
BIaWMOOEACTEBNA U TexHuns npudoc B TC Ha BM. EnexTpocTaTudeckwuTe
gagnMoneNcTBUA C8 DA3TNEOBHK HA OCHOBAETA HA CTOTHCTHUBCKATO
MEeXAHWUKO, WATTON3BOWKYM ™MeToda HE CaAMOCHTAACOBAHOTO
MonekynspHo mone {(CMI). MetonsT Ha CMII pade BBH3IMOMHOCT
OeTeANKO 0@ Ce W3ICNeOBBT TaKWBa CBOACTBE HE BM KaTo: KPWBW Ha
TTpyeeHe, TC W nareHerns B pK HA ROHMIYEMWTE TPYTIK TTPY TAXHOTO
TUTpYBGHE B CHCTEBBT He EM w no oTRenHo. TToAydyeHW ca CAEOHNTE
OCHOBHW pEaYNTaTH:

-TipoBeneHk/Te KHIdUCclednss He ocHoBara Hae CMIT wn Ha
TTPEOTIONINEHVETO Ye AOHNIYEMNTE TPYTIKH, KOWTO €8 PAITTONONKEHN
H& ﬂOB'prHDCTTﬂ Ha 5["], AMBT BUCOKO OWeNeKTPpUYHa TTpoHMLBeMOoCT
CO B OTAXYUHC chTABCHE C eXCITepUMEHTanHUTe OaHHW, NoNYUeHn TIpN
TUTPYBEBHE HO 74 ROHMIYeMN TPpYTIA TPHHEON2XKEW N Ha 6 BM;

-PellieHveTo monRydyeHo Ha ocHoeaTo Ha CHMIT 3asmew cemo oT
NOKANHETE TTABTHGET 8 Pe3TIpefieNeHneTo HE 6eNTBUHNA MaTepran
oKk0N0 AOHM3YEMWTe TPYTTW, HO He OT dapMaTa Ho BM;

-Bb8 DM3NOROTHUHN YCNGBMA TTPAHOCHT HE @NeKTPOCTATUUBCKATE
gzanmonenctend a8 TC #a BM e ™MHOTO MaRBLK ¥ MOXe O&a ce
TpeHebperHe B CPABHEHNE ¢ TTPUHOCT HA XAAPOQOBHATE W BOLOPOOHK
B3aniMoaeRCTBNR,

rinaga 4

B Tesn rnaea e paarlenado MPUNONEHWETO Ha pa3padoTerata B
rnapa 2 TEOpUs Ha eieKTPACTBTHUBCKNTE BIAAMONERCTEBNS 30 0L eHKB
H& WaMeHeHWATa He pk Ha AoHMayeMUTe TPYTIN B BM P-clicin cryplogen,
N3aMRHEHNATE Ce OTYNTAT TO OTHOWEHWE HE EKCTIEPAMEHTAIIHO
ompeneneNTe CTEHOBPTHM CTOAKOCTW HE pK HaoToedHUTE
AoHM3yeMyu Tpymu. M3dncneHnsTa ca TIPOBEOEHW WITIOAN3BARKN
CTPYKTYP& Ho P-clicin moaydeHa xa ocHeBaTe He SMP narmonssankk
15N
n 13Cc/TON kaTo Mepkepn. TpeTMuUHATE CTPYKTIYpB Ha P-clicin e
moflyueHa Ha OCHOBATaA Ha KHabop oT NOE pa3cTogHua-1047 Mexny
neeta foMera W 40 3a BCekW BoMeH TMooTOoenHo OT TmoayueHnTe
CTPYKTYpW Ca oTdeneHnw 20-Te Hel-fobpu. 3a gcako oT 20-7Te
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CTPYKTYPW € WN3BBPLIEHE MUHAMKHIGUWA HE HEeAHBTH eHepTws
Watmonapoiku MporpamMare OPAL CpearnTe KBBOPATUUHN GTKACHEHKA
HE8 gTOMWTe OT TTeTAOHKTe Tpyry ca 082, 3e BCUUKKM 0oCcTa&HaNN
TEWKW BTOMW CPeOHOTO KBAOPATWYHO OTKAOHeHWe e 1,03,
Wamonasankn HSQC CTTEKTPOPOTOMETPHUHITE ABHHY 30 1Hu 1SN, pK
HO CNeQHWTe TPYTKA CB oTipenenexrn: Kpaduute N- v C-TpymKn He BM,
Tyr-12, Asp-21, Asp-30, Lys-Gl, Asp-72, Tyr-85 n Lys-94. Tonyuennte
Pe3ynTaETW [OBAT OCHOBAHWE Na Ce TIPEATIOADMNW HEANUNETO H8
MHOMECTB0 CTEOGNAMINDOWLM B3ANMOOBACTENS MeXny Aonnayemnre
TPYITKW B8 TOBA 4YWCAO COMeBa-8pPB3K8 MeWny Asp-Zl  Lys-62.
MonydeHUTe O8HHW ToKe3seT ouwle, de Tyr-33 W Scr-78 06pasysarT
BOMOPOJIHE BPBIKE M CA PA3TTONOXeHY B xuapedobHoTo agpo Ha BM.
Tyr-47 A-87 ca& C3HUW0 HeQOCTHTIHN 3a pPB3TBOPA W TTakaisat pK»12.
Ho monyqeHnTe ekcrepuMenTandn OaHHKW 38 TE3W AOHWIYEMN TPYITY
He TTOTBBPXOGBAT THXHOTO YdacThe B 06pa3ysade HA BOOOPOAHW
BOB3KK. pK HE AOHW3IYeMMTE  TPYITA WIUKCNEHW HO OCHOBATA HA
pe3padoTeHaTs B8 TA9BA 2 TeODHA HA efleKTPOCTATHYECKKUTE
B38¥MOOEACTENSA, I[TOKB3BET MHOTG [056p0 cCHTAacue C
BKCTTEPUMEHTONAHNTE LOO6HHA. W3UUCNEeHW TE MpoBeleHWw BHpPXY
TPETUUHWTE CTPYKTYPA Ha PB—clicin, TOJYUEHN Ha acHasaTa Ha 9MP n
DEHTEHO-CTPYCTYPEH BHOANS, TTOKA3BAT CXGOHY PE3YNTETH.

FTABA S

B Teaw rTnoB0 & pa3TAEHAHO DJIMAHUETO HA TOMONOTAYECKWTE
OTPAHWYEHKA BBPXY YTGKoBKeTs Ha BB Tmpw obpasyseHeTo Ha
68pHMEPHWA 3BDOLOWW HOe bHKONOTUYECKM 8KTMBHATE TPETHYHA
CTpYKTYpa. Pasrnenad e MoAPoGHO BEBTIPOCHT 38 TIPNAOCKEHWETS HA
CMTl 38 mpecHaTeHe Ha cBoGoOHATE eHepryus Ha sapodvwa. CMT ce
W3TGN3BA TTPY OL2HKATO HA BIaWMOABRCTBNETO MEXOY CTPAHAYHNATE
OTOMHW TPYTY Ha AK, KOWNTO OT eAHa CTPAHA €8 PAITION0MEHA HNY3KO
8 TIPOCTPAHCTBOTO, @ OT OPYTA CTPAHA PAICTORAHMETO MeXAY TAX N0
nbBAXvHaTa Ho BB e ronaro. BaaWMOBEUCTEBRETO MW OY CHCEMHNA TT0
avaxuHaTe He BB AK ce pasarnewna Ha GCHOBGTS HAa
BKCTI@DUMEHTANHO OTTpedeseHn mapameTpn. TpenaoXeHd e Moaen
KOMTC 06RCHABA KOKEW KOHDOPMBUAORHK TpaHchOpMeUNN TTpeTHpiTaaa
BM & xooa 4o 06pa3yBeHe 1O HelHaTa BAK. Teka Hampwmep 34 BM ¢
A%BnxAHs Ho BB He mo-ronamMa o7 BO AK e Noxka3aHo 4e BLB
GH3IN0NOTHUECKN YCNOBUA KAHBTMKDBTE HE obpe3ysaHe Ha BAK
TTpeMnHABE TTPE3 OB2 OCHOBHW CHCTOAHNA:
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~AEHBTYPUPEHG CHETOSHNKE C KOMITAKTHE HO AMQY3HE OTIAKOBKA HA
B8;

~HW3K08HEPreTUYHO, KPATKO XUBeells GOPHEpPHO CHCTOoAHNE.

B DeHaTypupaHOTO CHETOAHNE BM v3spwea ONGY3IHO QBMNKEHWE
MEXOY PE3NMUHA KOHDOPMALMIHKA CLeTOsKNs. KoHDIpMaLUUOHHMTE
M3MeHeHWS c8 MHOTO 6:Pan M He BOQAT OO HoTpymBcHe Ha bM 8
ompeneneHsn KoHPOPMALNOHHY CHTTOAHNA. TIpeNNOXKeH @ MEeXBHH I b M
CHTNACHO KORTO B OTpeResied MoOpAOASK Mo OBAXuHaTa Ha BB ce
06pa3yBeT w-CIUPOAN k P-WTUNKYU, Te CNYXET KaTo 3epodnlUK 38
YTTeKoBKaTe Ha DB. TonoxeHvero Ha o- u f-3aponnwnre 10
OBAXMHETE He DB ce onpenens He ocHOBaTe Ha meptypbaunn B
M3MeHeHNeTo Ha CBOS0QHBTO edeprus Ha BM rnpu mpexoda » U oT
neHaTypupeHsTo B 6apWepHOTO CHCTOAKWe. JapoluWnTe ce
pas3ImanoXeHn 8 Te3an Yy4yacTyuy 1mo OBAXWHETa He BB, xKvmeTo
nimeHeHMsTa B AK BOOAT 00 3HaUATeNHHn mepTypbaunn B8
W3MeHeHNeTo Ha cBoGoaHeTA eHepus. OcTaHannTe ydacTy»uun ov BB,
KOWTO B3IUMAT YydHacThe B YTIBEKOBKATS HE BM, £a CPABHATEJIHO NHEPTHY
o oTHoWeHWe Ha MyTeukn. JTo Tak® B HAYMH ymaxosKkaTs He BB, B
KDaTKQ AWBEELNTE HAIKO-EHERTeTHUHW GapuepHu kaHdopHMalnm,
BOOW MO0 GBPAIYBEBHETO HAO WWPOK CMEKTep OT meprypbauwny B
CB0000HATA EHERTWA B THAHO CBFASCUE C eKCTIephuMeHTaAHUTe
CaHHN. KPaTKO XWEEeUiNTe H8PHEDHY CBCTORHAA C& XAPAKTEPUINPAET C
oTipefiened NMOPRAABK HA BTODWUHATE CTPYCTYPW TT0 Qb NMWHATO Ha GB
# TAXHOBTE B3IOBUMHE OTTOKOBKA B TPOCTDEHCTBOTO. TlochenHaTa e
CBHP3IBHO C DOAATE HA HBTWBRATA TONCNOTHA Ha BM,

TITABA 6
B Tean Tnesa ce pa3arnexnd BBHNPOCE 38 TIPEACKO3IBAHE HB
TOMOROTUATA HA KPATKO XWBeewnTe SAPNEPHA KOHOOPMBUWOHHA
cvcToanKd, OcKoBa 38 TOKOBG TTPECKAO3BAHE Ceé ABABAT CAefHWTE
daxThn:

-BCWYKK HApNEPHK KOHpOPMAUMM MOTOT 06 6B0AT pa3fienedn He
TPYTH, K870 xgHbOpMOL¥MTE OT BCAKA TRyMa wWMaT enHaxeo
pa3anpeneneqHue HaE BTOLWMYHUTE CTPYKTYPW TIC ObaXmrkaTa He 5B v
€AHAKBE TOPANDK HB TAXHOTE B3ANMHE YTIDKOBKE B TTPOCTPOHCTBOTO ;

-CBOBOAHETA EHEPrUsa Ha rpymata o7 KOHPOPMBLUM, KOATO Cce
OTNAMYeBa C HATWBHE TOTIONOTHS He yITakosxaTa He BB, ocbpasyea
MUHUMYME HE 68PNEepHOTD KOHGOPMBLWOHHO CHCTOSHWE W Ce OTOeNs
0T CTTEKTHPO HA CBOG0OOHATE SHEPTMN HE CCTEHAANTE TPYTIA.


http://nepTyp6au.nn
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DcHOBHWTE B38MMOOEACTBXA KOWTO CTEOMAA3WDET HOATHDBHETH
TOMoONOTYA HG 6SOpPUEpPHATO CHCTOSHWE ca: XWAPODOGHN
B3aMMONENCTBUA;, BOMOOPOOHWTE BPBIKKW MeXOy aMHOHNTE W
XMOPOXKAAHM BTOMHW TOYNW HE OCHGBHATE BEpUTa OT KOBANEHTHW
Bp'3k¥ Ha BM; cBO6GCAHETA BHEPTHA HO OTbBAKE HB HeparynAfapHaTe
yyacTv UM o OeaxuHaTa Ha BB, KonTo cBBP3IBOT BTOPUYUHWMTE
CTPYCTYP® N CBOOGOMHATO EHEPTUSA C KOATO 0TORNHATE AK yyacTaybar
TpY 06pa3YBEBHETO HE - M f-BTophuHanTe CTPYCTYpY. Cenekynsta Ha
BenTL4HeTa TOTTONOTHS Ce S83WPE HA KHaW-06WLWN 3aKOHOMEPHOCTH
JgKoaMpaHY B peatipedenedneTo Ha AK mo ObaxvHatae He BB:
poanpeaeNeHneTo Ha XuapodobHATe W XMAPOPHIHY AK; pa3nnkaTa B
cBCGOOMMTE EHEePTWW © KOWTO OTAelHWTe AK ydecTBYBaT TIpW
06pa3YBAHETO HE BTOPUUHMTE CTPYKTYDN N 0BUINTE TIPUHLLATIA KOWTO
YTIpAB8aT YITAKOBKATE HB BTOPUYHATE CTPYKTYPA.

JAKITHYEHWE

B saknlveRue, ToJydeHMTe B TIpeAcTaBeHaTa OOKToOpCKa
NucepTauKks peaynTatn BOORT [0 HOBO pasbupaHe W HoBA
GopMynuposxka He BBITPOCH 38 MEXERWIMBT He BK wn TC Ha
EMONOTMYHO OXTHBHATA CTPYKTYRA Ha BIM. Taaw HoBa QopMynWpoBKa
0aBa BB3IMOXHOCT 34 THPBM TBT L6 ce TNOCTABM W v3cnefsa
BBITPOCDT 38 POAATA H& HATHBHATE TOTOAOTHA TIPH 00pa3yBaHe Ha
beprepHnTe KoxdopMoywn. Taka HampuHep 8 caydas Ha BM ¢
A nxwnHe Ha BB He mo-ronama o7 80 AK e mpeOnoxeH Mones Ha bK
8 ¢hTiacHe € KOATO TOCNEROBATEAHOCTTE 0T KOHQOPMAUWAHHM
TpaHcdopMaUMA MeX Yy LeHeTYPUPAHOTO W HEPMEepHOTO CHCTosHME
HATIBNHO Ce Oonpedens B paMKWTe HO oTpenesieHd 'KAHETHUYHA
MbTedka’'. ‘KnHeTudHaTe ThTedka' oT CBOA CTpaHa ce ompenens oT
mocnefssareHocTTa Ho AK Mo AvaxmHaTta Ha bB, a Take cbvwo oT
TOTIONOTHATE ¥ CUMETPHUATE HAE BMONOTUYECKW BKTHAHATE GRATHYHY
CTPYKTYPO, E4WMH 0T BEMHWTE PE3YNTETHN e SCHOTOC PB3ISHpaHe ue
yrakoexkate Ho BB B KOMTOKTHO 6EPMEPHO CBCTOAHME C YUaACTHETO HO
MHOMECTBO BTODWHYHKW CTPYKTYPN He pelesa eBTOMBTUYHO N3Gopa Ha
HaTABHETA TOMONOTHA. HEOSXOOMME & Ceneruna MIMEXOY pa3NNUHN
KOMTTOKTHN YTMBKOBKK Ha BB, KonTo ce openensT o7 pa3aauyHnTe
pa3TpeNeseHNs] He BTOPWMHWATE CTPYKTYPH Mo OB/MKAHOTE HA BB wn
TAXHATA YITaK0BKa B TTPOCTPAKCTBOTO. MHRTEpPECTHO € Ra ce oThenexy
g TIpRBHAHMA W3H0p HE HoTHBHa TOTIONOMAA ce ChThacysa W ¢
HORMYMETO HO "KMHETWMWHE [ThTeyka’ 38 yraKosKaTa #o BB n ¢
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HOANUMETO HE HB TEPMOLOMHAMAYEH MAHAMYM KOATO CHOTBETCTBYBA HA
HOTWUBHATO TOIMONOTWSA, TipennoxeH e HOB peleT»YeH MoOAen KORTO
omncaa 6apUePHNTE KOHGOPMOUWNOHHA cBLCTOSHKWA. TO3M HOB
pewertyed MoOeN Mo3gonase BM (a3 ce onvwe TTOGPOGHD ABXEe HO
aTOMHO HWB0. B celwioTo Bpeme, 6a83UpaiKkK ce Ha CMIT, pelleT bUHNAT
MOOdes MO3BOAABA 30 HAKONKO CeKyHdOw (Mamonasafkun TTEPCOHBIEH
KOMTIKOTBP) A Ce W3MWCAAT ¢ YOMBWTEAHA TOYHOCT mepTypbauunTe
HA CBO6OOHATA eHePTMNS HA 6apUepHOTO CTHCTOAHWNE, KOWTO cCa
LOCTBTIHW CAMO B MHOTO CJIOMHN M CKBTIC CTPYBALLN eKCTTEPUMEHTH,

B Jeaxknwoderve, 6BOEWW M3IcNenBaHws Tpabsn Oa 0bvOBT
mpoBeneHn 6LPXY MHOTOOOMeHHN BM. Heoéxoavwmo e Oa ce nichenea
owe BAUAHWETO HE CTepUYECKWTE BIaUMOOEUCTBMS Mexny
CTPaHuuHWTe B8TOMHW Tpyny Ha AK Tpn ymeaxkoskaTa Ha BB.
CrepudecKknie B3BMMOAEACTBNA MUMAT CUAHO CeNeKTUBHOD CBONCTAO,
MHTepecho e 08 ce YCTOHOBW O8AW W TIPKW MoToaoMeHHWTe BM cuio
CHUIECTBYBA "KMHETUUHE TbTeuxse’ .
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