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Abbreviations

aa amino acid

A-state acidic state

ASA accessible surface area

CD circular dichroism

) chemical shift

ER endoplasmatic reticulum

F fluorescence intensity

FRET fluorescence resonance energy transfer
A observable rate constant; also: wavelength
GdmCl guanidinium chloride

I intermediate state of a protein folding reaction
N native state of a protein

NMR nuclear magnetic resonance

ppm parts per million

RDC residual dipolar coupling

RT room temperature (25°C, 298.15 K)
SFVP Semliki Forest Virus Protease

SVD singular value decomposition

U unfolded state of a protein

wl wavelength

wt wild-type

The common one- and three- letter abbreviations for amino acids are used.
Concentrations are denoted in square brackets, and kinetic species by capital letters.

The foldon concentrations are always given in concentration of monomers.
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1 [ Introduction

1.1 Proteins

Proteins are essential for all processes in living systems. Due to their structural diversity they
are able to perform numerous different tasks: they are involved in metabolic processes or
accomplish structural functions, catalyze chemical reactions or store substances. Various
proteins transport different materials within and between cells, participate in signal
transduction or have a function in the immune system.

Proteins are mainly created out of 20 different naturally occurring a-L-amino acids, which are
joined by amide bonds to a one-dimensional chain whose sequence is specific for each protein
(primary structure). The primary structure is encoded by the sequence of the four nucleotides
in the genome. Genomic DNA is transcribed into mRNA, which is then translated into
proteins at ribosomes. The term “secondary structure” is used for arrangements with a defined
conformation of the peptide backbone such as a-helices, $-pleated sheets and hairpins. The
three dimensional arrangement of the secondary structure is called tertiary structure, where
also amino acids that are further apart in sequence come close together in space. It can be
stabilised by salt bridges, hydrophobic interactions, hydrogen bonds and disulfide bonds. The
expression quaternary structure is used when separate polypeptide chains form a multimeric
protein stabilised by hydrogen bonds, hydrophobic interactions and ionic binding.

In this thesis, the formation of secondary structure elements and the acquisition of tertiary as

well as quaternary structure is studied.
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1.2 Equilibrium unfolding of proteins with denaturants

The stability of a native protein towards its unfolded state is usually very low, around
40 kJ/mol. This low stability has physiological reasons: it facilitates the flexibility of the
protein, transport through membranes via partial unfolding, it avoids kinetic traps and us
essential for easy digestion.' Several factors contribute to the stability of a native protein.
Intramolecular interactions such as salt bridges and hydrogen bonds stabilise the native state,
whereas it is destabilised by loss of chain entropy, as the conformations are restricted. These
two opposing effects have roughly the same size. The reason why the native state is
nevertheless more stable than the unfolded one can be explained by the hydrophobic effect:
major contributions to protein stability arise from the interactions of water molecules with the
chain. By adding up all the negative and positive contributions, a small netto stabilising effect
results.
The measured value for stability is the free energy (G). In The Gibbs-Helmholtz equation, G
is connected with entropy (S) and enthalpy (H):

AG’ = AH’ - T-AS° (eq 1)
For most proteins, a cooperative two-state transition can be observed with a pretransitional
and a posttransitional baseline and a more or less steep transition region.
In the transition region, the logarithm of the equilibrium constant K between N and U varies
linearly with the denaturant concentration, so that with

AG® = -RTInK (eq2)
the conformational free energy AG(H20) can be determined by extrapolation to 0 M
denaturant. This so-called linear extrapolation model was introduced by Greene and Pace’.
Santoro and Bolen® introduced a single non-linear least square fit including the pre- and the

posttransitional baseline, so that the complete transition could be fitted in one step.
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The slope of the linear extrapolation, i.e. the change of AG with denaturant concentration, is
called m-value (meq).4 This linear dependence on denaturant concentration reflects the
increase in solvent accessible surface area.

Sometimes, more than two states are populated in equilibrium. These thermodynamic
intermediates can usually be induced by solvent conditions, such as low denaturant
concentrations,” low pH® ” or by alcohols such as trifluoroethanol (TFE).® Often intermediates
are compact, and are thus called molten globules.” They contain a lot of secondary structure
but almost no tertiary structure, and their radius of gyration is only 10-30% larger than that of
the native protein. Their hydrophobic core is loosely packed, and the structure fluctuates on a
timescale slower than nanoseconds. For equilibrium unfolding, bovine a-lactalbumin,
cytochrome ¢ and apomyoglobin belong to the best described proteins with molten globule
intermediates.

In the native structure, the dihedral angles of the peptide backbone and the side chains are
defined, but not rigid. In the unfolded protein on the other hand, many dihedral angles can be
adopted, and conformations interchange rapidly, as they all have similar free energies. This
unfolded structure is therefore not defined, and also depends on the chosen denaturation
conditions. For heat and acid denaturation, residual structure might still be present.'” High
concentrations of chaotropic substances (such as urea and guanidinium chloride), on the
contrary, destroy the water structure, which usually leads to completely unfolded proteins in
random coil states.'' There are exceptions: Neri et al.'> were the first to show that in some
proteins local structures still exist at high denaturant concentrations, and on the other hand,
completely unfolded proteins are not necessarily in a random coil state, as Shortle" has
shown for staphylococcal nuclease.

To investigate the stability of a protein, it is convenient to shift the equilibrium between the
native and the unfolded protein so that the two states can be measured simultaneously. In

addition to adding increasing amounts of denaturant, such as urea or guanidinium chloride
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(GdmCl), proteins can also be unfolded by heating, cooling down, or by a shift in pH: at basic
or acidic pH, side chains are protonated or deprotonated, leading to a disruption of salt
bridges and electrostatic repulsion of alike charged groups. The experimentally determined
stabilities for a protein usually coincide very good if different denaturation methods are used.
Unfolding with chemical denaturants is the most commonly used method and has long been
known.'*'® In 1964, Tanford was the first to investigate quantitative unfolding in urea.'’ Urea
can form many H-bonds, so it is a good solvent for the peptide group. In unfolded proteins,
however, also unpolar groups are exposed to the solvent, and the protein usually adopts a
more extended state with a larger solvent accessible surface area (ASA).

Timasheff '* and Record ' suggested that urea prefers binding to proteins over binding to
water. The denatured state with a larger surface and thus more binding sites for urea is thus
preferred by urea compared to the compact native state. The excluded volume effect of co-
solvents, on the other hand, favours the native state as the protein is bigger than the solvent
water. The co-solvent acts as a denaturant if contact interactions are larger than the excluded
volume effect, else it is an osmolyte and stabilises the native protein.”® As direct interaction of
urea with the protein is very weak, solvent exchange mechanism in addition to denaturant
binding must also play a role.”" Still, the dominant contribution of chemical denaturants to
protein unfolding is preferential binding of newly exposed groups so that the protein unfolds

with increasing urea or GdmCI concentration.
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1.3 Protein folding

Inside the cell, the newly synthesised polypeptide chain adopts a specific three-dimensional
structure, which is essential for the performance of the protein. This process is referred to as

protein folding. As shown by Anfinsen and coworkers,”” >

the amino acid sequence contains
the whole information necessary for the three-dimensional structure. Chemically unfolded
ribonuclease A with reduced disulfide bonds regains functionality after removal of
denaturants. This demonstrated that the protein must have reverted to its native structure

(function follows form). This experiment proved that the information for structure and

function is encoded within the protein itself.

1.3.1 Models in protein folding

The way how a protein finds its proper structure, and how the structure of a protein is encoded
in the sequence of amino acids, have been major topics for scientists. It is not yet possible to
predict protein structures; even proteins with the same fold can have only little sequence
similarity. So far, the folding code has not been deciphered. Despite of advances in
computational structure prediction, the atomic structure of a protein must still be determined
experimentally, mainly by NMR-spectroscopy and X-ray crystallography.

As Levinthal argued®* *°

, a protein could never find its native structure just by random search
of all the possible conformations, as this would take about 10*’ years for a protein of 100 aa
length. This became known as "Levinthal's paradox". Therefore it was assumed that inter-
mediates which guide the protein folding process have to exist. Several models have been put

forward to describe the folding process. They try to answer the general questions in protein

folding: how does a protein find its native conformation on a biological timescale (ms to s),
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how are losses in conformational entropy compensated, and how are meta-stable traps on the
way to the native state avoided?

The framework model assumes that local elements of local native secondary structure forms
independently of tertiary structure.”®?” These elements would diffuse, collide and adhere until
the native structure is completed (also known as diffusion collision model*® **).

In the nucleation model, neighbouring residues form native secondary structure to act as a
nucleus from which native structure can propagate. **>' A structural nucleus might also serve
as a kinetic nucleus for the folding process, so that in successive folding events no
intermediates are populated.

The hydrophobic collapse model’* describes a protein collapsing rapidly around its
hydrophobic side chains. In this intermediate, the side chains would then rearrange where the
secondary structure would be directed by native-like tertiary interactions. Protein folding via a
(molten globule) intermediate is also referred to as two-step hierarchical model: U - I - N.»
Whether the intermediate can be observed, i.e. whether folding is two-state, depends on
energy of the intermediate relative to U and N, and on the rate-limiting step.

An alternative explanation for rapid folding is illustrated by a funnel-like’* * energy
landscape with a small energy bias towards the native state. It describes the progress of a
population of unfolded protein, advantageously high in entropy, but at the same time
disadvantageously high in energy, that traverses its energy landscape towards the native state,
which has unfavourable low entropy but favourable low energy. The sloping funnel walls
guide the protein folding process, and parallel folding processes can occur. Intermediates are
not necessary for the folding process, but they can be included in the funnel model. The loss

of entropy upon folding is compensated by favourable pairwise interactions. *°
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1.3.2 Experimental data on protein folding

To investigate protein folding experimentally, often small monomeric single domain proteins
are used as model systems. In many cases, only two states are observed in folding
experiments,”’ and the accumulation of a folding intermediate is not a prerequisite for
successful folding.***° Chymotrypsin inhibitor 2 (CI2), e.g., folds rapidly via two-state
kinetics (apart from 20-30% slow folding proteins with one or several prolyl residues in the
cis conformation). CI2 has a single hydrophobic core formed by residues all over the protein,
and secondary structure elements that are unstable in solution, so that folding proceeds in a
cooperative and concerted step. Intermediates can be hidden if the they are higher in energy
than both N and U at all denaturant concentrations, as shown for tendamistat,”’ a small all-
protein. A variant exists which exhibits a nonlinear unfolding limb in the chevron plot. A
chevron plot describes the dependence of the observed rate constants on denaturant
concentration (see Figure 1.1 B, p.19 for an example). At high and low denaturant
concentrations, the chevron plot for this tendamistat variant is linear. This indicates a
denaturant-induced switch between two distinct transition states. As a consequence, a model
with a sequential folding mechanism can be used to describe the data. Tendamistat folds via
consecutive transition states and a metastable high energy intermediate. In this case, the
intermediate is on-pathway, if it is higher in energy than both the unfolded and the native

state.

An indication for intermediates in the folding process are the observation of additional phases,
deviation from linearity of the logarithm of the rate constant versus denaturant concentration,
discrepancy in AG’ (H,0) obtained from kinetic and from equilibrium measurements and
dissimilarities when using different spectroscopic probes (Trp fluorescence monitors tertiary
and / or quaternary structure: surroundings of the Trp residue, far UV CD monitors secondary

structure). In intermediates, some secondary structure is already formed. Kinetic
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intermediates can only be detected if they are formed before the rate-limiting step and if their
free energy is similar to or lower than that of the denatured state. There are two kinds of
intermediates, a) ones that are more stable than U, but after rate-limiting transition state
located between U and I, and b) ones that are less stable than U. Kinetically observed molten
globule states in refolding can be detected by rapid mixing techniques monitoring CD, NMR,
or small angle x-ray scattering signals. Cytochrome c, RNase A, lysozyme and apomyoglobin,
for example, fold via well characterised molten globule intermediates. Very often burst-phase
intermediate can be observed, that have accumulated during stopped-flow ms time resolution.
Faster relaxation methods such as t-jump or continuous flow can be used to increase the time
resolution.

The very first steps in folding include the hydrophobic collapse,”” where hydrophobic
residues are buried in the interior of the protein, and also the formation of native contacts.
Early folding intermediates can for example be detected by protection of amide protons

# % For staphylococcal nuclease,” pulsed H-exchange experiments have

against exchange.
shown that even after 10 ms refolding time a part of the amide protons were already protected,
indicating an early folding intermediate. Isolated secondary structure elements have also been
shown to exist in water: stable B-hairpins can form in water,*® as well as reverse turns in short

4832 100, hence the helix

peptides.”’ a-Helices based on Ala peptides are stable in water,
backbone itself must also be stable in water. Therefore, all classes of secondary structure can
be present at very early stages of the folding process and can thus guide folding.

A recent investigation on 23 reported two-state proteins by Sanchez and Kiefhaber has shown
that nonlinear activation free-energy relationships are caused by sequential folding pathways

with consecutive distinct barriers and a few obligatory intermediates that are hidden from

direct observation by the high free energies of the intermediates.
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Complex folding kinetics have long been known for proteins such as cytochrome c, hen egg
white lysozyme,” and RNase A.>* Refolding and unfolding kinetics could be explained by the

55; 5
:36 3 fast

existence of intermediates. In RNase A, e.g., two phases lead to native protein,
phase (20% of the molecules) and a fifty times slower phase (80% of the molecules). The
slow folding step is due to proline isomerisation, and was analysed in detail for RNase A and
RNase T1.>” °® If the protein contains prolines in a non-native isomer, the isomerisation to
form the correct one can take minutes to hours, as the activation energy is quite high
(80 kJ/mol). Recent work has shown that also the cis/frans isomerisation of non-prolyl
peptide bonds can be a rate-limiting step.”

A further slow step in protein folding is the correct formation of disulfide bonds, which takes
place on the minute to hour time-scale. Wrong disulfide bonds may form as the native pattern
is often one of many combinatorial possibilities. These intermediates can be trapped, as was
analysed in detail by Creighton’s work® on BPTI (bovine pancreatic trypsin inhibitor). Other
slow steps include the addition of prosthetic groups such as the heme group in cytochrome c.
These slow steps take place when the structure is already very close to that of the native state
N 6165

However, enzymes have evolved to catalyse these slow steps in protein folding: PPlase
(peptidyl-prolyl-cis/trans isomerase)®® is able to catalyse the peptidyl-prolyl bond cis/trans
isomerisation, PDI, protein disulfide isomerase,®”® helps to isomerise disulfide bridges.
These enzymes were shown to speed up folding in vitro when the substrate proteins contain
accessible disulfide bonds or prolyl residues, respectively. An additional proteins that assist
folding are the so-called molecular chaperones, or heat-shock proteins,”” which prevent

aggregation and assist the proper folding of other proteins inside the cell.

In summary, one can say that for large proteins, such as lysozyme, the folding process

becomes more effective if intermediates are populated, whereas small proteins approximate
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two-state folding with high energy intermediates to avoid aggregation of populated

intermediates.

1.3.3 Folding of oligomers and multi-domain proteins

To date, most studies have dealt with small, monomeric single domain proteins. Less is
known about folding and assembly pathways of oligomeric proteins’' or folding of multi-
domain proteins.’”. In the 1970s, Jaenicke®” 7 started to investigate folding coupled to subunit
association in the concentration dependent folding reactions of oligomeric proteins. Studies
on trimers or higher oligomers investigated large filamentous proteins, which show extremely
slow complex folding kinetics competing with irreversible aggregation reactions.”* They often
assemble via native-like monomeric intermediates.

The upper limit for a bimolecular reaction is the diffusion limit, which was estimated
10° M's™ for monomer subunits the size of an average protein domain’". For most oligomeric
proteins investigated, the fastest bimolecular steps have rates in the range of 10°~10° M's™,
Among the fastest folding dimeric proteins are the wild-type Arc repressor > and some
designed leucine zippers,’® with association rates constant around of 6:10° M's™. The record
is held by an engineered fragment of trp repressor,’’ it is 3:10° M''s™. In this case, rate
enhancement was achieved by replacing the intermolecular salt bridge and hydrogen bonding
network in the wild-type by hydrophobic residues.” In these cases, however, folding is tightly
coupled to association, so that partially folded dimeric intermediates are involved in
assembly, whereas large slow-folding oligomeric proteins usually form folded monomeric

intermediates first before assembly takes place.
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Another complexity in folding is introduced by the presence of more than one domain in a
protein. Domains are still connected so that the protein is made up from one chain.

Most of the multi-domain proteins investigated fold rather slow. Generally, domain docking is
the final, slow step. Even two-domain proteins such as the a-subunit of trp synthase’’ and
phosphoglycerate kinase®, which are among the fastest folding two-domain proteins, fold
only with a time constant of about 50 s. Gene-3 product from phage fd*' folds even slower.
The rate-limiting reaction is a cis/trans isomerisation at a prolyl residue (Tt = 6200 s) which
regulates the final domain docking step.

These large proteins, consisting of several domains or subunits, usually fold very slow, and
the native state can often only be reached with the assistance of molecular chaperones. In this
study, two new model proteins for the folding of oligomeric and multi-domain proteins were

investigated.

1.4 Protein folding Kinetics

In the simplest case, protein folding can be described as a two-state process, without any

observable intermediates:
k

U_—N (eq3)
k

u

There is a single observable rate constant, A, that is the sum of the microscopic rate constants
for folding (kf) and unfolding (k,), respectively:
A=ks+ky (eq4)

In equilibrium, k¢ - [U]eq equals k, - [N]eq, and the equilibrium constant (K) is as follows:

[No] K,

K= =L
[Ueq] k,

(eq )
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The free energy of folding AG” can thus be derived from the folding kinetics, as well from
equilibrium measurements. This can be used to check whether the right model is used to

describe the data.

N [N],, k;
AG” =-RTInK =-RTn U— =—-RTIn k_ (eq 6)

eq u
To analyse folding, the transition state theory™ is widely used. The transition-state theory
focuses on the entire protein population. A broad ensemble of transitions state () species is
located on top of energy barrier between U (or 1) and N (or I).

The rate constant k is connected to the free energy of activation AG’* for forming the

transition state ().

k,T -0

k=;<7e KT (eq7)

kg is the Boltzmann constant, h the Planck constant, k is a transmission factor with an upper
limit of 1. The pre-exponential factor corresponds to the maximum rate of the reaction in the

absence of free energy barriers. In protein folding, k is usually assumed to be 1, so that

AG"™
k,T ———
=B~ o, RT

k (eq 8)

The transition state can also be assigned an activation free energy for folding and for
unfolding (AG% and AGSI). The change of AG% with denaturant concentration, the kinetic m-
values (my, my), is thought to reflect the change in solvent accessible surface area of the
transition state compared to the unfolded state (m,) and the native state, respectively (my), like
the equilibrium m-value reflects the change in ASA upon unfolding. Thus, the transition state
can be characterised.

The activation free energy depends linearly on the concentration of denaturant:

AG” = AGY (H,0) - m’ - [denaturant] (eq 9a)

AGY' = AGY' (H,0) - m* - [denaturant] (eq9b)
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AG’ = AG"(H,0) - m,, - [denaturant] (eq 9¢)
A plot of the logarithm of the observable rate constant versus denaturant concentration yields

a V-shaped curve, which is also referred to as “chevron plot”. With this analysis, kf and k, can

be determined.

The total change in free energy is connected to AG% and AG%. In the same way, mf and mﬁ

are related to m,, as well:

AG'(H,0) = AG" (H,0) + AG"' (H,0) (eq 10)
m,, =mj—mﬁ (eq 11)

m., correlates with the change in solvent-accessible surface area upon unfolding,’® and mff and

i

vaswell. a= mff/ m.q describes how close the transition state is to the native state.

m

Nonlinearities in the chevron plot at low and/or high concentrations of denaturant occur when
the rate-limiting step changes, and hint at the population of intermediates. The transient
population of an intermediate leads to a change in the reaction mechanism and therefore to a
deviation from linearity in the chevron plot, but a change in reaction order can also occur
without the population of intermediates, e.g. when kinetic coupling takes place.®

If intermediates accumulate during folding or unfolding, multi-exponential kinetics are
observed. The number of observable rate constants is determined by the number of kinetic
species, including N and U. If n species exist, n-1 rate constants are observed. and the number

of intermediates is given by n-2.

To investigate the protein folding mechanism in detail, folding and unfolding kinetics at many
different denaturant concentrations are measured. The number of exponentials needed to
describe the kinetic traces accurately defines the number of kinetic species. It is also
important to check for burst-phase reactions, which occur in the experimental deadtime. If the

kinetic species and the rate constants are determined, this is not always enough to describe the
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folding mechanism correctly. Proline cis/trans isomerisation, for example, also results in an
observable rate constant, but is often a reason for parallel folding pathways. To test the
mechanism, the formation of native molecules and refolding intermediates can be followed
directly by sequential mixing experiments, as e.g. described by Schmid for RNase A.* For an
N-test, (also called interrupted refolding,) completely unfolded protein is allowed to refold for
a certain amount of time (t;), and then diluted into unfolding conditions again. In this
unfolding step, all intermediates and native molecules that have formed so far unfold with
their own characteristic rate constant. The corresponding amplitudes correlate directly with
the amount of corresponding species present when refolding was interrupted. By varying t;, a
time course of the population of N and I is obtained. With these interrupted refolding
experiments it is possible to distinguish between sequential and parallel pathways.

To determine the time course of formation of U, to monitor the population of unfolding
intermediates, and to detect slow equilibration reactions in the unfolded state, like non-prolyl
cis/trans isomerisation, a similar experiment can be performed starting from native protein
(“double jumps”, introduced by Brandts®): In the first mixing step, the native protein is
allowed to unfold for a certain amount of time t;, where unfolded proteins and unfolding
intermediates are formed. Refolding is initiated by dilution to native conditions in a second
mixing step. The different species refold with their characteristic rate constant, and the
amplitudes correspond to the amount of these species present when unfolding is interrupted,
so that by varying t;, the population of U and unfolding intermediates can be monitored. Slow
phases originating from trans isomers, for example, would thus increase in amplitude with

increasing t;.

Sometimes folding reactions are faster than the time needed to mix the samples and start

recording. These so-called deadtime reactions can be detected when complete unfolding and
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refolding kinetics are measured (chevron plot in Figure 1-1 B) and the initial and final values

of the kinetics are plotted versus the denaturant concentration (see Figure 1-1 C).
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Hypothetical curve of the denaturant dependence of refolding kinetics

and equilibrium stability. A: equilibrium transition with the native baseline

(dotted line) and the unfolded baseline (dashed line). B: a chevron plot:

unfolding and refolding kinetics. C: Initial (®) and end (O) points of

refolding.
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In the upper panel one can observe that the initial points (®) form a straight line representing
the unfolded baseline of the corresponding equilibrium transition shown in Figure 1-1 A . The
endpoints (O) mark the end of the kinetics, where equilibrium conditions prevail, thus they
represent the equilibrium transition. If the reaction is not faster than the deadtime of stopped-
flow mixing, which is about 1 to 3 ms, the whole amplitude of the kinetics can be resolved,
and a plot of starting and end points looks like Figure 1-1 C. On the other hand, if refolding
already starts during the mixing deadtime of about 1 ms, one cannot obtain the complete
amplitude for the kinetic trace, and the initial points do not represent the native baseline. The
larger the missing signal of the refolding kinetics is, the closer the initial points are to the end
points. If an intermediate is formed in the deadtime, the initial points could show the

equilibrium transition of the intermediate.

1.5 Foldon and SFVP as model proteins to study complex folding reactions

The proteins investigated in this thesis are both viral proteins optimised for folding. Foldon is
a small homotrimer whose function is to promote association and folding of the 486 aa
trimeric Fibritin. SFVP, the Semliki Forest Virus Protease, is a two-domain protein that has to
fold co-translationally: it cleaves itself off the nascent chain and thus the rest of the

polyprotein can be exported to the endoplasmatic reticulum (ER).

1.5.1 "Foldon" , a model for folding of a trimeric globular protein

“Foldon” is the C-terminal domain of Fibritin, a large trimeric phage protein. Fibritin is a

486 aa long coiled-coil surface protein of bacteriophage T4. It forms a fibre that is attached to



Introduction 21

the collar of the phage, as can be seen in Figure 1-2. The parts of Fibritin whose X-ray

structure have been solved by Tao et al.*® and Boudko et al.*’ are pointed out.

A N-terminal s : 5
domain 2

Yy

fibritin E

C-terminal
domain

Figure 1-2

T4 phage with Fibritin pointed out. A: Enlarged ribbon diagram of the N-
terminal part (residues 2—80) of fibritin NCCF. B: Ribbon diagram of fibritin

E including residues 367-486 of the wild-type fibritin. The picture is taken

from Boudko et al.’

The C-terminal domain comprises the last 30 residues (457-486) with the following
sequence:

GYIPEAPRDG QAYVRKDGEW VLLSTFLSPA
The last three amino acids 484-486 were omitted in the foldon investigated, as they are not
structured and therefore not visible in the X-ray structure. The residues were renumbered
from 1-27. Twelve of these residues (12-23) form a B-hairpin. The three hairpins of the three
subunits form a propeller-like structure, as shown in Figure 1-3. This symmetric trimer is

stabilised by inter- as well as intersubunit salt bridges and hydrogen bonds.
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Figure 1-3
Structure of the foldon domain, left: scheme of hydrogen bonds within the
hairpin, right: ribbon representation based on the solution structure. This

figure is taken from section 4.1 and was created with MOLMOL **)

In Fibritin, the C-terminal domain has the function of a folding domain; it is supposed to
assist the assembly of Fibritin by trimerising very fast, thus aligning the three subunits for
proper coiled-coil formation.*” Hence the name it was given is foldon. The name "foldon" is
also used for independent folding units, a term coined by Wolynes et al.”” °' It has been
shown that the isolated trimerization domain is extremely stable, and that it promotes the
assembly of engineered collagen-like fusion proteins,’ as well as other trimeric proteins such
as the envelope glycoprotein gp 140 from HIV-1%°. To sum up, the function of foldon is to

fold and associate fast and efficiently.
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1.5.2 SFVP, a model for a two-domain protein

The second protein investigated in this study is the capsid protein of the Semliki Forest Virus.

Like foldon, it has evolved to fold fast and efficiently. It is one of the few proteins for which

co-translational folding has been shown.”* *>

Figure 1-4

Ribbon representation of the X-ray structure of SFVP’® (residues 119—
267 of the viral polyprotein). Image created with MolScript.””’

The capsid protein forms the N-terminal part (267 aa) of a large viral polyprotein containing
structural proteins.”® *® The first 118 residues are positively charged and unstructured. They
are important for binding to viral DNA and thus for capsid assembly. The second module
(residues 119-267) is a serine protease (SFVP). The X-Ray structure’® shows that the
chymotrypsin-like fold making up the capsid shell is divided into two p-barrel domains
(residues 119-182 and 183-267) containing a catalytic serine protease triad.”® SFVP

undergoes a single reaction turnover before it assembles into the capsid shell: it cleaves itself
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off the nascent chain after Trp 267,”* '° which remains bound in the binding pocket and thus
inhibits further proteolysis. By this cleavage a signal sequence at the new N-terminus is
released, directing the polyprotein containing the envelope proteins to the endoplasmatic
reticulum.’ This self-cleavage has to occur during synthesis of the large polyprotein to ensure
proper folding of the envelope proteins in the ER lumen. As a consequence, SFVP has to fold
faster than the polyprotein is synthesised at the ribosome (3-5 residues per second in
eukaryotic cells'”"). Sanchez et al.'™ investigated whether fast folding of SFVP is an intrinsic
property of this two-domain protein, or whether spontaneous folding is slower than translation
and requires additional catalysts. They also used SFVP as a model system for folding of two-
domain proteins, as all two-domain proteins studied so far were reported to fold slowly in

79: 80: 103105 The o-subunit of trp synthase’”” and

vitro, on the minutes to hours timescale.
phosphoglycerate kinase®, which are among the fastest folding two-domain proteins, fold
about 1000 times slower than the Semliki forest virus capsid protein SFVP (t = 50 ms).
Equilibrium unfolding is two-state and completely reversible. They could show that ~ 60% of
the proteins fold via a fast pathway with a time constant of 50 ms at 0 M denaturant. This
corresponds to molecules with all seven prolyl residues in the native trans orientation. Three
slower reactions are observed that are cis/trans isomerisation reactions of Xaa-Pro and Xaa-
non-Pro peptide bonds. The two domains are probably formed sequentially, as shown by a lag
phase in the formation of native molecules, and a rollover in the chevron plot. The lag phase
in the N-test can be explained as the first formed N-terminal domain does not contain a Trp
residue and thus does not contribute to the fluorescence signal.

In this thesis, a mutant of SFVP was investigated, where Phe160 was replaced by a Trp, in

order to obtain an additional fluorescence signal in the N-terminal domain.
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2 [] Aims of Research

The aim of this study was to examine complex folding reactions. The main questions
addressed are: how fast can complex folding occur, and what are the mechanisms of
evolutionary optimised complex folding reactions. Foldon and SFVP are very well suited
model proteins since they have evolved under selective pressure for fast and efficient folding

and association.

All previous studies on trimers or higher oligomers characterised large proteins that exhibit a
complex and slow folding mechanism, often accompanied by aggregation. The foldon domain
of T4 phage fibritin is a perfect model system for the investigation of the folding kinetics and
the thermodynamics of a trimeric globular protein, since it is small, its 3D structure is known,
as determined by x-ray crystallography, and folding and unfolding are completely reversible.

SFVP, the protease from Semliki Forest virus, is a two-domain protein, and one of the few
proteins for which co-translational folding was demonstrated. In order to fulfil its biological
function, SFVP has to fold faster than synthesis of the rest of the polyprotein . Previous
studies have shown that it folds fast in the absence of other proteins such as molecular
chaperones. The two domains are probably formed sequentially. As there is no fluorescence
probe in the N-terminal domain, the observed lag phase in the formation of native molecules
indicates that the N-terminal domain, which is synthesised first at the ribosomes, also folds

first.

In this thesis, the influence of guanidinium chloride on the wild-type protein, and the folding
and stability of the mutant SFVP F160W is characterised, which has an additional

fluorescence probe in the N-terminal domain.
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3  Summary of Published Results

3.1 Very Fast Folding and Association of a Trimerization Domain from
Bacteriophage T4 Fibritin

Sarah Giithe, Larisa Kapinos, Andreas Moglich, Sebastian Meier, Stephan Grzesiek and
Thomas Kiefhaber.

J. Mol. Biol. (2004) 337, 905-915

The isolated foldon domain forms a homotrimer under native conditions, whose stability is
concentration dependent. It acquires the same trimeric f3-propeller structure as in fibritin, and
unfolds in a single step from folded trimer to unfolded monomer.

GdmCl- induced equilibrium transitions at several protein concentrations, monitored by CD
and fluorescence spectroscopy, showed two-state behaviour. A global fit yielded a stability of
AG(H,0) = 89.240.6 kJ/mol corresponding a protein concentration of 1 M. At a physio-
logical protein concentration of 5 uM, however, AG is 29.7 kJ/mol. The change in free energy
with GdmCl is m¢q = -10.4 (kJ/mol)/M, which is expected for globular monomeric proteins
the size of the foldon trimer."?

Folding occurs in several consecutive steps. On the submillisecond time scale, a burst phase
intermediate is observed, where structure is formed in the hairpin region of the monomer,
followed by two subsequent association steps. This refolding intermediate must be
monomeric, as the burst phase reaction occurs at all concentrations between 0.5 pM and

100 uM, whereas a bimolecular step would become observable at low protein concentrations.
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Figure 3-1
Refolding of the foldon domain in 0.58 M GdmCl, pH 7.1, protein
concentration: 5 uM. Measured by the change in Trp fluorescence using a
320 nm emission cut-off filter. The broken lines represent the signals of the
native and of the unfolded state at 0.58 M GdmCl, as indicated. The signal
of the unfolded state is extrapolated from the unfolded baseline at high
concentrations of GdmCl to 0.58 M GdmCl.

With the help of wavelength-dependent refolding experiments the fluorescence emission
spectrum of this intermediate could be resolved. Refolding kinetics at 0.58 M GdmCl and
5 uM protein concentration were resolved by stopped-flow mixing at different fluorescence
emission wavelengths. With the same method, the spectrum of the native protein at 0.58 M
GdmCl and the unfolded spectrum at 6.4 M GdmCl as well as the corresponding buffer
spectra were resolved. The native and the unfolded foldon spectra were then measured with
the same settings on a fluorescence spectrometer, so that a correction factor for the stopped-
flow fluorescence detector could be determined. From the starting points of each refolding
trace, the fluorescence emission spectrum of the burst phase intermediate could be
determined, as shown in Figure 3-2 A, which compares the intermediate spectrum to the
fluorescence spectra of the native foldon at 0.58 M GdmCl, the GdmCI unfolded foldon, and

to the A-state (at pH 2). Figure 3-2 B shows an overlay of the A-state foldon and the
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intermediate, normalised to the fluorescence maximum. It has the same shape as foldon at

pH 2 (A-state), indicating that the intermediate is probably as compact as the A-state.
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Figure 3-2
Fluorescence emission spectrum of foldon at different conditions. A:
native foldon at 0.58 M GdmCI (thin solid line, N), GdmCl-unfolded foldon
(8.2 M GdmCl, thick solid line, U), burst phase intermediate (closed circles,
I), and the acid unfolded A-state (dashed line, A), all normalised relative to
the native state. B: foldon at pH2 (dashed line) and of the refolding
intermediate (closed circles), Both spectra are normalised to the emission

maximum.
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Refolding Kinetics are concentration dependent, and were investigated at several protein
concentrations with stopped-flow and manual mixing techniques. The reaction order at low
protein concentration (0.5-4 uM) approaches 3, and at high protein concentrations
(> 200 uM), refolding becomes virtually concentration independent. To determine the
formation of native molecules directly, interrupted refolding experiments were performed.
The refolding kinetics, the time-course of formation of N and the equilibrium transitions at
different protein concentrations were fitted globally. Thus, the rate constants for a minimal

model for the mechanism of foldon folding could be obtained.

1.9-10°M"s" 54-10°M"'s” 210"
81% 3 U, t D — - - -
k., 595" + 110 s 4210%s"
1
k, || k. 2.0-10%s" || 5.7:10° " '
k.,
19% 31U, ; 31
Figure 3-3

Minimal model for foldon folding, depicting the association and folding

steps. The rate constants at 0.58 M GdmCI were obtained by a global fit

using Matlab. This scheme is taken from Giithe et al.'*

The rate constants for the two bimolecular association steps are 1.9(+0.5)-10° M*s™ and
5.4(x0.3)-10°M™s? at 0.58 M GdmCl. This is significantly faster than most association
reactions during the folding of dimeric proteins such as the GCN14 leucine zipper,'®” but in
the same order of magnitude as the wild-type arc repressor’®, and some designed Leu
zippers.”® Only an engineered Arc repressor variant,”® where the intermolecular salt-bridge in

the hydrophobic core was replaced by hydrophobic residues, and a designed fragment of trp

repressor,”” with bimolecular rate constants of about 3-10°M™s™, associate considerably

faster.



30 Summary of Published Results

3.2 Foldon, the natural trimerization domain of T4 Fibritin, dissociates
into a monomeric A-state form containing a stable beta-hairpin:
atomic details of trimer dissociation and local beta-hairpin stability

from residual dipolar couplings

Sebastian Meier, Sarah Giithe, Thomas Kiethaber and Stephan Grzesiek

J. Mol. Biol. (2004) 344, 1051-1069

The high stability of the foldon domain can be explained by the large number of interactions

at the trimer interface, as shown in Figure 3-4.

Figure 3-4

Inter-subunit contacts within the foldon trimer. The three monomers are
shown in backbone worm representation in orange, blue and beige. Residues
making inter-subunit contacts are indicated in space fill with CPK colours.
For clarity the R15-ES5 salt bridge (PDB code) is only shown between two

. . . . 1
monomers. This picture is taken from Meier ez al.’”®
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Of particular importance is a salt bridge between residues R15 and E5 connecting two
adjacent subunits. For clarity, only one intermolecular salt bridge is depicted in Figure 3-4. At
low pH, the salt bridge breaks up, as shown by a pH transition described in a previous
study.'” This as well as FRET measurements confirmed the existence of a low pH
intermediate at pH 4. Additional measurements to investigate Tyr = Trp energy transfer at
pH 2 have shown that also at pH 2 foldon is in a compact structure. (See chapter 5).

To investigate the low pH intermediate in more detail, particularly the formation of the A-
state monomer from the trimer, its structure, thermodynamic stability, equilibrium association
and folding dynamics, modern high-resolution NMR measurements were performed.

The NMR measurements validated the existence of the monomeric foldon A-state below
pH 4.3. The solution structure could be determined(Figure 3-5), showing that the A-state
forms a B-hairpin with intact and stable H-bonds similar to the monomer in the native foldon

trimer, but lacking a defined structure in its N and C-terminal parts.

Figure 3-5

Solution structure of the A-state foldon monomer. Backbone worm
representation of the ten lowest energy structures of the foldon monomer

(PDB code: 1UOP). This picture is taken from Meier ef al.'”

By lowering the pH from pH 4 to pH 2, a second species besides the native trimer becomes

increasingly populated. This A-state is monomeric, as the E5S—R15 salt bridge disrupts due to
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protonation of E5 at low pH. The pKs of ES5 is shifted to a value of ~1.75. From the
difference in the protonation equilibrium constants for the ES carboxylate in the monomer and

trimer, the stabilization energy of RT(In K% — 3+In K ) = 48 kJ/(mol trimer) (16 kJ/(mol

monomer)) at physiological pH and 25°C was determined. This value corresponds to almost
20% of the total free energy between the native trimer and the unfolded protein of AG’(H,0)
= 89.2+0.6 kJ/(mol monomer) as resolved by GdmCl-induced equilibrium transition.

With the help of residual dipolar couplings (RDCs) during thermal unfolding in mechanically
strained polyacrylamide gels the structural order of ""N—'H" and "*C*~'H* moieties could be
observed directly and the different contributions from individual H-bonds and side-chain
contacts became observable. The folding of the B-hairpin could thus be dissected into residue-
specific phenomena. It was shown that local structures in the turn are exceptionally stable
during thermal unfolding, and probably guide the collapsed hairpin to the native structure.
The thermodynamics of hairpin folding and "°N relaxation data implies ms hairpin folding.
This also confirms the folding model in Figure 3-3, where the compact monomeric burst-

phase intermediate is formed on the submillisecond timescale.
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Very Fast Folding and Association of a Trimerization
Domain from Bacteriophage T4 Fibritin
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The foldon domain constitutes the C-terminal 30 amino acid residues of
the trimeric protein fibritin from bacteriophage T4. Its function is to
promote folding and trimerization of fibritin. We investigated structure,
stability and folding mechanism of the isolated foldon domain. The
domain folds into the same trimeric B-propeller structure as in fibritin
and undergoes a two-state unfolding transition from folded trimer to
unfolded monomers. The folding kinetics involve several consecutive
reactions. Structure formation in the region of the single B-hairpin of
each monomer occurs on the submillisecond timescale. This reaction is
followed by two consecutive association steps with rate constants of
19(x05)x10°M"'s™" and 54(*0.3)x10°M's™' at 0.58M GdmCl,
respectively. This is similar to the fastest reported bimolecular association
reactions for folding of dimeric proteins. At low concentrations of protein,
folding shows apparent third-order kinetics. At high concentrations of
protein, the reaction becomes almost independent of protein concen-
trations with a half-time of about 3 ms, indicating that a first-order folding
step from a partially folded trimer to the native protein (k = 210(*20) s ")
becomes rate-limiting. Our results suggest that all steps on the folding/
trimerization pathway of the foldon domain are evolutionarily optimized
for rapid and specific initiation of trimer formation during fibritin
assembly. The results further show that B-hairpins allow efficient and
rapid protein—protein interactions during folding.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: protein folding; protein association; trimeric proteins; prolyl
isomerization; fast folding

Introduction

shown to be essential for fibritin trimerization
and folding in vivo and in vitro.'”> Each subunit

Fibritin is a rod-like structural protein of
bacteriophage T4, which is attached to the neck
of the virion vig its N-terminal domain to form
the collar structures (“whiskers”). Fibritin
consists of an N-terminal anchor domain (residues
1-46), a large central coiled-coil part (residues
47-456) and a small C-terminal globular domain
(residues 457-486).! The 30 amino acid residue
C-terminal domain was termed foldon, since it was

+5.Gii., LK. and A.M. contributed equally to this work.

Abbreviations used: F-moc, N-(9-fluorenyl)-
methoxycarbonyl; GAmCI, guanidinium chloride; RDC,
residual dipolar coupling.

E-mail address of the corresponding author:
t.kiefhaber@unibas.ch

of the foldon domain consists of a single 3-hairpin,
which assemble into a B-propeller-like structure
in the trimer.! The trimer is stabilized by hydro-
phobic interactions involving Trp476 of each
subunit, intermolecular salt-bridges between
Glu461 and Arg471, and intermolecular
backbone hydrogen bonds between Tyr469 and
Argd71 (Figure 1). Expression of the isolated
foldon domain (residues 457-483) vyields a
stable trimer, which shows a cooperative two-
state thermal unfolding transition.* Residues
484-486 were omitted from this study, since this
region is unordered in the X-ray structure of
fibritin."

The foldon domain was proposed to be an
evolutionarily optimized trimerization/folding

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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N N

Figure 1. A, Stereo view of a bundle of the 20 lowest-energy structures of the trimeric foldon domain determined by
NMR spectroscopy. Each subunit is displayed in a different color. B, Side view of the foldon structure with the single
Trp residues at position 20 of each chain highlighted in green and the two prolyl residues at positions 4 and 7 high-
lighted in red. C, Topology of the interactions of the three B-hairpins in the native foldon domain. The figures in A
and B were prepared using the program MOLMOL? and rendered with PovRay.

motif, as its only known function is to promote
folding of fibritin.® The small size of its structured
part (27 amino acid residues) and its simple fold
make the foldon domain a perfect system for a
detailed study on the mechanism of a folding
reaction linked to intermolecular association steps.
All previous folding studies on trimeric proteins
investigated large filamentous proteins, which
show extremely slow and complex folding kinetics,
usually accompanied by irreversible aggregation
reactions.’

We expressed the foldon domain in Escherichia
coli and synthesized it by solid-phase N-(9-
fluorenyl)methoxycarbonyl (F-moc) chemistry to
investigate its structure, stability and folding
mechanism. For clarity, we are numbering the

foldon sequence from residues 1 to 27

1 11 21
GYIPEAPRDG QAYVRKDGEW VLLSTFL

corresponding to residues 457-483 in fibritin. All
kinetic and stability data presented here were
obtained using the chemically synthesized foldon
domain, whereas the recombinant E. coli product
was used for structural analysis. The E. coli
product and the synthetic foldon domain showed
identical stability and folding behavior. Further,
the additional C-terminal amino acid residues Ser-
Pro-Ala, which are present in the wild-type fibritin
sequence, do not affect any thermodynamic or
kinetic properties of the foldon domain.
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Results and Discussion

Structure and stability of the foldon domain

To test whether the 27 amino acid residue foldon
domain adopts the same fold as in fibritin, we
solved its solution structure to a backbone rmsd of
0.31 A with 28 experimental restraints per residue
(Figure 1 and Table 1). The structure largely
resembles the crystal structure in constructs carry-
ing the 75 and 120 C-terminal amino acid residues
of fibritin, in which the foldon domain constitutes
only a minor part of the total construct."® Only at
the immediate N terminus (residues 1-3) the
isolated foldon domain assumes a slightly different
and presumably more relaxed structure compared

Table 1. Statistics of the foldon NMR structure

o

rmsd from experimental distance constraints (A)
All (607)*

rmsd from NMR data
NMR quality factor Q°

0.046 + 0.002

0.199 * 0.0062

rmsd (Hz) between measured and calcu- 1.91 = 0.07
lated dipolar couplings (81)¢
Experimental dihedral constraints (deg.)* (43) 1.73 = 0.29
*Jinna coupling constants (Hz) (22) 0.89 = 0.05
Total number of restraints per monomer 753

Deviation from the idealized covalent geometry

Bonds (A) 0.0079 = 0.0004

Angles (deg.) 0.92 = 0.03

Impropers* (deg.) 0.75 = 0.06
Coordinate precision® (A)

Backbone non-hydrogen atoms 0.273

All non-hydrogen atoms 0.636
Non-Gly, non-Pro residues in Ramachandran regions®

Most favored (%) 91.7

Allowed (%) 8.3

Generously allowed (%) 0.0

Disallowed (%) 0.0

The statistics were obtained from a subset of the 40 best
energy structures out of 100 following a standard simulated
annealing protocol with dipolar restraints incorporated. Individ-
ual simulated annealing structures are fitted to each other using
residues 2-27 of all subunits. The number of the various con-
straints per monomer is given in parentheses.

 Distance restraints comprise: 111 intraresidual NOEs; 139
sequential NOEs (li — jl = 1); 73 short range NOEs (1 < li —jl =
5); 128 long-range NOEs (li — jl = 5); 156 intermolecular NOEs;
11 H-bonds (eight intramolecular, three intermolecular). For
each backbone hydrogen bond constraint, there are two distance
restraints: rng-o, 1.7-2.5 A, rn-o0, 2.3-3.5 A.

® The NMR quality factor Q is defined as the ratio of the
rmsd between observed and calculated couplings and the rmsd
of the observed couplings.”

¢ The 81 RDCs comprise 22 'Dyy, 20 'Ditaces 12 'Deace, 13
'Dne (0.231), 14 'Deps. Ramping the force constant for RDCs in
the structure calculation from 0.001 kcalmol™* Hz™? to
0.5 kcal mol ' Hz * was determined as optimal.

4 The dihedral angle constraints comprise 69 ¢ and 60
angles.

¢ The improper torsion restraints serve to maintain planarity
and chirality.

f The coordinate precision is defined as the average rms
difference between the individual simulated annealing
structures and the mean coordinates. Values are reported for
residues 2-27.

& These values are calculated with the program PROCHECK-
NMR.* Values are reported for all residues.

to fibritin. The trimer consists of an N-terminal
hydrophobic stretch in left-handed polyproline II
helix conformation between Pro4 and Pro7, which
is connected to a B-hairpin (residues 12-23) and
forms a hydrophobic cap of the hairpin on the
N-terminal side (Figure 1). The hairpin terminates
in a 3y helix at the C terminus with homophilic
interactions of hydrophobic residues (Tyr2, Ile3,
Vall4, Leu23, Leu27) between the monomers
along the symmetry axis. Large-scale nanosecond
dynamics as evidenced by "N relaxation occur
only at the most N-terminal residue, Tyr2. All
other residues in the highly rigid foldon domain
exhibit order parameters S>> 0.77 at 25°C as
determined by the program TENSOR.”

The equilibrium unfolding properties of the
foldon domain were measured by guanidinium
chloride (GdmCl)-induced unfolding transitions at
various concentrations of protein. Figure 2 shows
unfolding curves at monomer concentrations of
5 uM and 30 wM. The coincidence of fluorescence
and CD-monitored transition curves demonstrates
that the trimer unfolds in a cooperative two-state
transition at both concentrations of protein. Two-
state unfolding is observed for all concentrations
of protein between 2 uM and 100 wM. The sensi-
tivity of the unfolding transitions to changes in
protein concentration is expected for unfolding of
a native trimer (N) to unfolded monomers (U):

N = 3U )

The transitions at 5 puM and 30 uM can be fit
globally to equation (1) (continuous line in
Figure 2) by using:

_ 3fME
q 1 _fU

where [M], indicates the total monomer concen-
tration ([M]p = [U] 4+ 3[N]), f, is the fraction of

Ke 2

T T T T T T T T T T T T T

Fraction of N

[GdmCl] (M)

Figure 2. GAmCl-induced unfolding transition of the
foldon domain at pH 7.1, 20 °C. Transitions at 5 uM
(0,@) and 30 uM (A,A) total monomer concentration
([M]y) were measured by changes in Trp fluorescence
(®,A) and in far-UV CD at 228 nm (O,A). The data were
normalized to fraction of native molecules using the
result of a global fit of all data according to equations
(14a) and (14b) (continuous lines).
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unfolded monomer (fy = [U]/[My]) and Keq is the
equilibrium constant (for details, see Materials
and Methods). The global fit yields a free energy
of unfolding of AG°(H,O) = 89.2(+0.6) kJ/mol,
which is unusually high compared to stabilities of
small, single-domain proteins of similar size. How-
ever, this value applies to standard conditions of
1M total monomer concentration. At typical
physiological protein concentrations around 5 pM
this corresponds to AG = 29.7 k], which is similar
to the stabilities found for small monomeric
proteins. The change in free energy with GdmCl
(meq = 0AG" /9|GAmC]) is —10.4(%£0.2) (kJ/mol)/
M, which is the value expected for a monomeric
globular protein of the size of the folded trimer.®
This shows that native foldon has properties com-
parable to those of small monomeric proteins with
a compact hydrophobic core and a cooperative
two-state unfolding transition.

Burst phase fluorescence changes

To investigate the folding kinetics of the foldon
domain we performed stopped-flow refolding
experiments  starting from GdmCl-unfolded
protein. Figure 3A shows a refolding trace at a
residual denaturant concentration of 0.58 M and
[M]y of 5 uM. The kinetics were monitored by the
change in intrinsic tryptophan fluorescence above
320 nm. Within the first millisecond of refolding, a
major burst phase reaction occurs, which leads to
a significant increase in fluorescence intensity
above the signals of both the unfolded and the
native protein. This indicates very rapid structural
changes in the dead-time of stopped-flow mixing
(about 1 ms). The fluorescence intensity decreases
slowly and reaches the value of the native protein
after about 300 seconds. The burst phase increase
in fluorescence is observed for all measured
concentrations of protein (0.5 uM to 200 uM),
indicating that the reaction occurs within the
monomer. Even the fastest, diffusion-controlled
association reaction to a partially folded dimer
could not be complete within 1 ms at a monomer
concentration of 1 pM and below, if we assume a
maximum second-order rate constant’ of about
1x10°M™"'s™". To further investigate the structural
changes occurring in the burst phase, we moni-
tored the folding kinetics at single wavelengths
between 290 nm and 430 nm. Extrapolating the
kinetic traces at the individual wavelengths to
time zero allows the determination of the fluor-
escence spectrum of the burst phase intermediate
(Figure 3B). Comparison of the fluorescence
spectra of native and unfolded protein with the
zero timepoint spectrum shows that the burst
phase intermediate has a fluorescence emission
maximum around 330 nm, which is between the
emission maximum of the native protein
(Amax =317nm) and the wunfolded state
(Amax = 345nm). The significantly blue-shifted
fluorescence maximum and the largely increased
fluorescence intensity in the intermediate relative
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Figure 3. A, Refolding of the foldon domain in 0.58 M
GdmCl, pH 7.1 ([M]y 5 pM) measured by the change in
Trp fluorescence using a 320 nm emission cut-off filter.
The broken lines represent the signals of the native and
of the unfolded state at 0.58 M GdmCl, as indicated.
The signal of the unfolded state is extrapolated from
the unfolded baseline at high concentrations of GdmCl
to 0.58 M GdmCl (see Materials and Methods). B, Com-
parison of the fluorescence spectrum of the kinetic burst
phase intermediate (I) with the spectra of native (N)
protein in 0.58 M GdmCl, the unfolded protein (U) in
8.2M GdmCl and the monomeric A-state formed at pH
2 (A). The spectrum of I was determined in single-
wavelength detection stopped-flow experiments. The
fluorescence intensity extrapolated to t =0 is shown.
[M]y was 5 uM for all spectra.

to the unfolded state suggest that the burst phase
intermediate has a significantly more hydrophobic
environment around the single tryptophan residue
at position 20 in each B-hairpin (see Figure 1). The
absence of a tyrosine fluorescence band at 303 nm
in the burst phase intermediate further indicates
significant chain compaction, which allows
efficient energy transfer from the two tyrosine resi-
dues at positions 2 and 13 to Trp20. Similar
fluorescence properties are observed for an acid-
induced monomeric state (A-state) of the foldon
domain, which shows virtually the same fluor-
escence emission spectrum as the burst phase
intermediate but with reduced fluorescence
intensity (Figure 3).

Fast and slow steps during association of the
foldon domain

To determine the nature of the rate-limiting steps
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during folding and association of the foldon
domain, we analyzed the concentration-
dependence of the refolding kinetics at final con-
centrations of protein between 0.5uM and
200 pM. Figure 4A shows that the kinetics are
strongly concentration-dependent. A very slow
reaction on the hundreds of seconds timescale is
observed at low concentrations of protein. At
higher concentrations of protein ([M]y, > 10 uM)
a concentration-dependent faster reaction with a
half-time of about 4 ms at [M]y =102 pM and a
concentration-independent slow reaction (t = 50 s)
are observed. The foldon domain contains two
prolyl residues (Pro4 and Pro7) per subunit, which
are in the trans conformation in the native state.
This makes prolyl isomerization reactions a
possible source for the slow, concentration-
independent kinetics. Figure 5 shows that the
slow reaction is catalyzed efficiently by human
cyclophilin 18, a peptidyl-prolyl cis—trans
isomerase,'® which identifies this reaction as a
cis—trans isomerization at one or both of the two
Xaa-Pro peptide bonds per monomer. The faster
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Figure 4. A, Fluorescence detected folding kinetics in
the presence of 0.58 M GdmCl (pH 7.1), 20 °C at the indi-
cated values of [M]y measured after stopped-flow mixing
at an emission wavelength of 320 nm. B, Time-course of
formation of native molecules measured in interrupted
refolding experiments at pH 7.1, 20 °C, [M], = 10 uM.
The continuous lines in both panels represent the results
from a global fit of the data. For global fitting, ten fluor-
escence-detected refolding traces at [M], between
0.5 uM and 102 pM and the time-course of formation of
native molecules shown in B, were fitted simultaneously
to the kinetic model shown in equation (4).
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Figure 5. Effect of human cyclophilin 18 on the slow
refolding reaction of the foldon domain. The plot com-
pares refolding at pH 7.1, 0.58 M GdmCl, 20 °C in the
absence and in the presence of 3.3 uM cyclophilin. The
presence of cyclophilin increases the rate constant for
the slow reaction from 7 X 107°s™" to 4 x 107>s~".

reaction is not affected by the presence of cyclo-
philin (data not shown).

We tested whether the faster, concentration-
dependent reaction produces native protein or a
folding intermediate by performing interrupted
refolding experiments." "> In these experiments,
the protein is allowed to refold for a certain time
(t)). The protein is then transferred to unfolding
conditions and the resulting unfolding kinetics are
monitored. The native state has a characteristic
stability and barrier for unfolding, which results
in a characteristic rate constant for its unfolding
reaction. This distinguishes it from partially folded
intermediates. Interrupted refolding experiments
measure the increase in amplitude of the unfolding
reaction of the native protein as a function of the
refolding time, t;. This corresponds to the time-
course of formation of the native state. Thus, inter-
rupted refolding experiments can distinguish
whether a folding reaction produces native protein
or a folding intermediate.'*"* Figure 4B shows that
native molecules are formed in a fast and a slow
reaction, which occur on the same timescale as the
two  fluorescence-detected folding reactions
(Figure 4B). Obviously, both the faster, concen-
tration-dependent process and the prolyl-isomeri-
zation limited process produce native protein.
This suggests that the fast reaction reflects for-
mation of the native trimer for molecules with all
prolyl peptide bonds in the native trans confor-
mation (fast-folding molecules, Ug). The slow
process is due to folding of molecules with at least
one non-native cis isomer (slow-folding molecules,
Us), as shown by its catalysis by cyclophilin
(Figure 5).

Mechanism of folding and association
The assignment of the different kinetic phases to

direct folding and prolyl isomerization steps
enables us to characterize the folding/association
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Figure 6. Effect of total monomer concentration ([M]y)
on the half-time of the fast-refolding reaction of the
foldon domain at 0.58 M GdmCl (pH 7.1), 20 °C. The con-
tinuous line represents a fit of the data between 0.5 uM
and 4 pM to equation (3). The fit gives a slope of
—2.06 = 0.05 indicating an apparent reaction order of 3
at low concentrations of protein.

process of the foldon domain in more detail. The
analysis of the concentration-dependence of the
half-lives (t;,) of the folding reaction starting
from Uy allows us to determine the apparent reac-
tion order for the fast-folding pathway according
to:

log 1 = ¢ — (n — Dlog [M] 3)

where n is the reaction order and c is a reaction-
specific constant." Analysis of the concentration-
dependence of folding thus yields information on
contributions ~ from  concentration-dependent
association reactions and from concentration-
independent folding steps. We determined the
half-time of the folding reaction from the concen-
tration-dependence of the fluorescence-detected
kinetics shown in Figure 4A. At high concen-
trations of protein, where folding and prolyl
isomerization are well separated, we evaluated the
half-lives of the fast reactions in order to obtain
information on the direct folding reaction. Figure 6
shows that the slope of logt;, versus log[M],

cating a change in the apparent reaction order.
Between 100 pM and 200 uM initial monomer
concentration there is only little effect of protein
concentration on the folding kinetics. This shows
that the fast-folding reaction approaches the first-
order limit at high concentrations of protein.

The change from apparent third-order kinetics to
first-order kinetics shows that folding is limited by
association steps at low concentrations of protein
and by a unimolecular folding reaction at high con-
centrations of protein. It is very unlikely that
apparent third-order kinetics for a reaction in sol-
ution arise from a true trimolecular reaction."
Third-order reactions are usually caused by a
rapid monomer—dimer pre-equilibrium followed
by a second bimolecular association step to form
the trimer. This mechanism gives rise to apparent
third-order kinetics if the dimer is populated to
only very low levels. The observation of apparent
third-order kinetics at low concentrations of
protein confirms the finding that the rapid
collapse observed within the first millisecond of
refolding is due to a conformational change in the
monomer.

The weak concentration-dependence of the
fluorescence-detected kinetics at high concen-
trations of protein implies that a unimolecular fold-
ing step becomes rate-limiting when all association
reactions are fast. The half-time for formation of
the native state of about 3-4 ms at high concen-
trations of protein indicates that the rate constant
of the unimolecular step is around 200-300s". It
is reasonable to assume that this unimolecular
folding process is due to a structural rearrange-
ment in the trimer and represents a late step in the
formation of the native structure, and might be
similar to the final steps during folding of a
single-domain protein. However, we cannot
exclude completely the possibility that the first-
order reaction, which becomes rate-limiting at
high concentrations of protein, occurs at the level
of the burst phase intermediate or a partially
folded dimer. These considerations lead to the
minimal folding model for the foldon domain:

kK, 1.910° M 1s1 54100 M1s’! 210s7!
k_m 59 s + 110 s 42:107s
!
ke || ke 201021 || 57103 s 4)

19%

3U, 31

k—m
changes with protein concentration. At low
concentrations of protein the slope is
—2.06 £ 0.05, which corresponds to apparent
third-order kinetics. At monomer concentrations
above 5 uM the slope decreases significantly, indi-

In this mechanism, U denotes the completely
unfolded monomer, I is the monomeric burst phase
intermediate, D is a partially folded dimer, T is a
partially folded trimer and N the native trimer. The
subscripts ¢ and ¢ indicate monomers with a least
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one cis Xaa-Pro peptide bond and monomers with all
trans peptide bonds, respectively. k, and k—n rep-
resent rate constants for formation and unfolding of
the burst phase intermediate, respectively, which
occurs on the submillisecond timescale. To test
whether this folding mechanism can describe all
experimental data quantitatively, we fitted the fold-
ing kinetics at different concentrations of protein
(Figure 4A) together with the time-course of for-
mation of native foldon at 10 uM (Figure 4B) globally
to the mechanism shown in equation (4). The results
show that both the concentration-dependence of
fluorescence kinetics and the time-course of for-
mation of native molecules are well described by
the model (continuous lines in Figure 4A and B).
The global fit allows the determination of the rate
constants for all reactions that occur after the sub-
millisecond burst phase, since the apparent reaction
order changes from third-order to almost first-order.
The results of the global fit are given in equation (4).
In agreement with the lower limit of the estimate
from the limiting value of the half-lives for folding
at high concentrations of protein (Figure 6) the fit
gives a rate constant (kf) of structural rearrangement
in the trimer of 210(%+20) s™'. This is in the same
range as the rate constants observed for the fastest
folding monomeric proteins of similar size.'"® The
bimolecular rate constants for formation of the
dimer and of the trimer are 1.9(=0.5) X 10° M~!s™*
and 5.4(+0.3) x 10°M ™' s7', respectively, which is
about 100 to 200-fold slower than the expected
diffusion limit for bimolecular reactions of chains of
this size.” However, both association reactions on
the foldon trimerization pathway are significantly
faster than most bimolecular steps during folding of
dimeric proteins like the well-characterized GCN4"
leucine zipper and of many globular dimeric
proteins.'”® Rate constants similar to the two
bimolecular steps during trimerization of foldon
have been reported for wild-type arc repressor,’ the
fastest folding naturally occurring dimeric protein
known, and for some designed leucine zippers."
However, an engineered arc repressor variant® and
a designed fragment of trp repressor” show
bimolecular rate constants of about 3 X 10*°M™'s™",
which are the fastest association reactions reported
for folding of small dimeric proteins to date. In the
case of the engineered arc repressor, the rate-
enhancement relative to the wild-type protein was
achieved by replacing the intermolecular salt-
bridge/hydrogen bonding network by hydrophobic
residues.” The fast-folding trp repressor fragment is
stabilized mainly by intermolecular hydrophobic
interactions. Similar to wild-type arc repressor, the
foldon domain is stabilized by intermolecular hydro-
gen bonds and by an intermolecular salt-bridge,
which contributes substantially (17 k] /mol) to trimer
stability (S.M. et al., unpublished results). In this
respect, it is interesting to note that the association
steps in the foldon domain have virtually the same
rate constants as the dimerization step of wild-type
arc repressor.

The unfolding rate constants of foldon under

native conditions (0.58 M GdmCl) obtained from
the fit reveal that the major barrier for unfolding
is represented by the reaction from the native
trimer (N) to the partially folded trimer
(k =4.2(x0.5)x10"*s™"). This value corresponds
well to the rate constant for unfolding of native
foldon measured at high concentrations of
denaturant and extrapolated to 0.58 M GdmCl
(5.Gii. & TK., unpublished results). Unfolding of
the partially folded trimer (T) and the dimer (D)
are significantly faster with rate constants of
110(=40) s™! and 59(*4) s™', respectively, obtained
from the fit.

In the folding mechanism shown in equation (4),
we assumed that only the monomers with native
trans prolyl isomers can form productive dimers
and trimers. According to studies on model pep-
tides the Ile3-Pro4 (12% cis) and Ala6-Pro7 (8% cis)
peptide bonds in foldon should lead to 19%
unfolded monomers with at least one cis prolyl
peptide bond.”* This agrees well with 20(+1)% of
slow-folding molecules observed in the interrupted
refolding experiments (equation (4) and Figure 4B),
if we assume that only monomers with both prolyl
peptide bonds in trans can enter the productive
folding pathway. The presence of 20(*£1)% slow-
folding molecules would, however, be observed if
only the Ala6-Pro7 peptide bond, which is in a
highly structured region of foldon (Figure 1), was
essential for folding and if a cis bond at this
position could be incorporated into partially folded
dimers and trimers. For this mechanism, the
presence of 22% slow-folding molecules would be
expected. Our data do not allow us to discriminate
between these mechanisms. However, the rate
constants for the fast-folding pathway are not
influenced significantly by the folding mechanism
of the slow-folding molecules.

The determination of all rate constants on the
folding/association pathway of the foldon domain
enables us to calculate the population of each
species during folding at various concentrations of
protein (Figure 7). At an initial concentration of
1 uM monomer, only the burst phase intermediate
(I) and the native state become populated signifi-
cantly (>10%) during folding. At concentrations
of protein above 5 pM, the dimer becomes popu-
lated transiently, in agreement with a change in
reaction order around this concentration of protein
(Figure 6). As a consequence, the fast-folding path-
way changes from apparent three-state to apparent
four-state with the burst phase intermediate and
the dimer populated to significant amounts.
Above a concentration of 50 puM monomer, also
the trimeric intermediate becomes populated
significantly. The significant population of dimeric
and trimeric intermediates explains the low appar-
ent half-time of the reaction at high concentrations
of protein, which would suggest a unimolecular
folding reaction faster than the 210(*+20)s™'
obtained from the global fit. Since the apparent
half-time was determined from the fluorescence
measurements (Figure 6), it will be influenced by
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Figure 7. Simulation of the time-course of all kinetic
species during folding of the foldon domain at 0.58 M
GdmCl (pH 7.1), 20 °C. The results from the global fit of
all kinetic data (see Figure 4) to the kinetic model
shown in equation (4) were used to calculate the concen-
trations of the different species at the indicated values of
M.

the kinetics of formation of dimers and trimers
when these become populated significantly. These
reactions are fast at high concentrations of protein,
which results in apparently smaller and slightly
concentration-dependent half-times for the folding
reaction at high concentrations of protein. How-
ever, these half-times do not represent the true
half-times for the first-order reactions.

During phage assembly in the cell, the estimated
concentration of monomeric fibritin molecules is
between 1 uM and 5 pM. Figure 7 shows that
under these conditions neither the dimeric (D) nor
the trimeric (T) intermediate becomes populated
to significant amounts. At in vivo concentrations,

the half-time for folding is between one and ten
seconds, which is very fast compared to the
generation time of the phage of around 30 minutes.

Fast folding of multimeric proteins compared
to monomeric proteins

The folding mechanism of the foldon domain has
several interesting differences compared to fast-fold-
ing reactions of small monomeric proteins. Small
monomeric proteins usually do not populate par-
tially folded states to significant amounts during
folding, although high-energy intermediates were
shown to be obligatory for folding of many apparent
two-state folders.”** Obviously, small monomeric
proteins are able to avoid transient high concen-
trations of intermediates, which minimizes the prob-
ability of aggregation side-reactions and optimizes
the shape of the free energy barriers for rapid
folding.” In the case of the foldon domain, however,
rapid formation of intermolecular interactions is
essential for efficient folding. Formation of the burst
phase intermediate (I) leads (i) to pronounced fluor-
escence changes of the single Trp residue, which is
part of the B-hairpin, (ii) to chain compaction as indi-
cated by efficient energy transfer from the two
tyrosine residues to the tryptophan and (iii) to sig-
nificant changes in the far-UV CD signal (data not
shown). This suggests that the monomeric inter-
mediate involves structure formation of the B-hair-
pin, which is in agreement with the results of NMR
studies on a monomeric state of the foldon domain
(A-state) observed in equilibrium at low pH. In this
state, the B-hairpin forms essentially the same struc-
ture as in the folded trimer (S.M. et al., unpublished
results). This shows that the monomeric foldon
domain has a high propensity to form a B-hairpin
even in the absence of intermolecular interactions.
The similarity between the burst phase intermediate
and the A-state is supported by the identical
fluorescence emission maxima of the two states
(Figure 3B). Rapid formation of the B-hairpins in the
monomers probably facilitates the subsequent
association reactions, since the hairpins provide
highly specific surfaces that allow fast formation of
intermolecular interactions. This model is in agree-
ment with the folding mechanisms of the dimeric
GCN4 fragment, for which rapid formation of o-heli-
cal structure was shown to accelerate the subsequent
bimolecular association step.** Obviously, optimized
energy landscapes for folding of monomeric and
oligomeric proteins are different. Monomeric
proteins fold fastest when the intermediates are
marginally less stable than the unfolded state,
whereas populated intermediates promote the sub-
sequent concentration-dependent association reac-
tions in oligomeric proteins. The rapid formation of
a partially folded state in the 27 residue foldon
monomer shows that small, single-domain proteins
should be able to rapidly form partially folded inter-
mediates, provided this was beneficial for efficient
folding.
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Conclusions

Our folding studies on the foldon domain provide
the first detailed information on the folding mechan-
ism of a fast-folding trimeric protein. Previous
studies on trimeric proteins focused mainly on large
proteins, which fold very slowly and are
accompanied by irreversible aggregation reactions’
or on collagens, which are limited in folding by
prolyl cis—trans isomerization reactions.” Our results
suggest that in the small 27 amino acid residue
foldon domain, all folding and association steps are
optimized for rapid formation of a stable trimer. The
two consecutive association reactions show
bimolecular rate-constants similar to the values
found in the fastest-folding small dimeric proteins.
Further, the first-order folding reaction, which
becomes rate limiting at high concentrations of
protein, has a rate constant comparable to those of
fast-folding, small, single-domain proteins. In con-
trast to previously studied small multimeric proteins
or protein fragments, where association involved
mainly helix-helix interactions, the foldon domain
trimerizes via B-hairpins. The high bimolecular rate
constants for both association steps in the foldon
domain demonstrate that B-hairpins allow very
rapid and specific formation of intermolecular inter-
actions during protein assembly.

Materials and Methods

Protein synthesis and purification

The foldon domain was synthesized chemically with
an ABIMED economy peptide synthesizer EPS 221
(Abimed, Germany) using standard F-moc chemistry.
Pre-coupled resin was purchased from Novabiochem,
Switzerland. Amino acids were from  Alexis
Biochemicals, USA or from Iris Biotech, Marktredwitz,
Germany. Solvents and other chemicals were from Fluka
(Buchs, Switzerland). The protein was purified using
HPLC with a C-8 reverse-phase preparative column
(Hibar, LiChrosorb®100 RP-8 from Merck, Darmstadt,
Germany). °C,""N-labeled foldon for NMR spectroscopy
was expressed in E.coli BL21(DE3) cells grown in
3C,"®N-enriched M9 minimal medium. Protein purity
was confirmed by nanospray mass spectrometry and
analytical HPLC. Expression and purification of the
foldon domain in E. coli was performed as described.*

NMR spectroscopy

NMR samples ([U-"Nlfoldon 95% H,O/5% *H,O;
[U-*C,**N]foldon 95% H,0O/5% *H,O; [U-*C,"*N]foldon
100% *H,O) of 300 pl volume (Shigemi NMR microtubes)
were prepared as 0.3 mM protein solutions at pH 7.1 in
5mM sodium phosphate, 0.02% (w/v) NaN; without
any further addition of salt. Residual alignment of
[U-C,>N]foldon for the measurement of residual
dipolar couplings was introduced by lamellar ether/
n-hexanol phases.”® A set of standard triple and double-
resonance assignment, quantitative J-coupling, nuclear
Overhauser effect (NOE) spectroscopy (NOESY) and "N
relaxation experiments similar to those described® were

performed on a Bruker DRX 600 spectrometer at 25 °C.
Standard data processing and analysis was carried out
as described.”

Structure calculation

Experimental NOE distance, torsion angle and
residual dipolar restraints derived from the NMR data
are listed in Table 1. Structure calculations were carried
out with a simulated annealing protocol using the
program CNS.* The structural statistics for the best 40
structures are given in Table 1.

Protein Data Bank accession code

The structural statistics have been deposited in the
Brookhaven Protein Data Bank with PDB accession code
1RFO.

Denaturant-induced equilibrium transitions

Denaturant-induced equilibrium transitions were
recorded in an AMINCO Bowman series 2 spectrofluori-
meter (SLM Aminco, USA) and with an Aviv 62ADS
spectropolarimeter (Aviv, USA). All transitions were
measured at 10 mM sodium phosphate (pH 7.1 at
20 °C). For fluorescence measurements at concentrations
of total monomer ([M]y) of 5uM and 30 uM, the
excitation wavelengths were 278nm and 298 nm,
respectively, at 2 nm bandwidth. Emission was recorded
at 320 nm (2 nm bandwidth). CD measurements were
performed at 228 nm with 0.5cm (5 pM) or 0.1 cm
(30 uM) path-lengths.

Equilibrium  transition curves were analyzed
assuming a two-state transition from native trimer (N)
to unfolded monomer (U):

N =3U ®)
The resulting equilibrium constant is given by:
[P’
Keq = —
eq IN] (6)

and the total monomer concentration ([M]y) can be
expressed as:
[M]p = [U] + 3[N] (7)
The fractions of monomers in the unfolded state (fi;) and
in the native state (fy) are given by:
[U] (U]

= = 8
U= O+ 3N~ My ®
3[N] 3[N]
= = =1- 8b
N= TN T M fo @
Thus, equation (6) becomes:
_ [UP _ 3fiIMR ©

“OINI 1-f
To fit the equilibrium transitions to equation (9) we
expressed the fraction of unfolded protein at a given
denaturant concentration (x) as:*
Sn() — 5()

T = s s+ s - suem
where S(x) corresponds to the measured signal at the
given denaturant concentration, x. Sy and Sy represent
the spectroscopic signals of the native and unfolded
state, respectively, obtained from linear extrapolation of
the baselines according to:*

SN(X) = SN(HQO) + mnx

(11a)



42

Fast Folding of a Trimerization Domain

Sy(x) = Sy(HLO) + myx (11b)

Using:
AG" = —RT In Keq (12)
and a linear denaturant-dependence of AG? :3>%
AG’(x) = AG (H,0) + mx (13)

we can obtain the free energy for unfolding in water
AG(H,0) from fitting the transition curve to equations
(9)-(13) in a single step, similar to the procedure
described by Santoro & Bolen for a two-state transition
of monomeric proteins.** This yields the following
equation for a two-state unfolding transition from a
native trimer to unfolded monomers:

53 = S (x) — SN = Su®)

3[M]p
—AG°(H,0)+mx
X i/eil?% (§[M]0 + \/5)
—AG (H,0)+m
+ \‘/ e R (; M], — Jﬁ) (14a)
with:
9\?2 ) —AGY(H,0)-+mx
D= (E) M +e~ RT (14b)

Equations (14a) and (14b) were used to fit the individual
transition curves monitored by fluorescence or CD and
to globally fit all data obtained by measuring various
spectroscopic probes at different concentrations of total
monomer ([M]y).

Kinetic experiments

All stopped-flow experiments were performed with a
5X18.MV stopped-flow instrument from Applied Photo-
physics (Leatherhead, UK) equipped with a Hamamatsu
R1104 photomultiplier tube for single-wavelength
kinetics and a Hamamatsu R6095 photomultiplier tube
for all other measurements. For experiments using a
cut-off filter (=320 nm), the excitation wavelength was
278 nm (2 nm bandwidth). For single-wavelength refold-
ing experiments, the excitation wavelength was 280 nm
(4.5 nm bandwidth) for final concentrations of protein
up to 10 uM and 295 nm (4.5 nm bandwidth) for higher
concentrations. The emission bandwidth was 12 nm. For
refolding experiments, the protein was allowed to unfold
for at least ten hours in 6.38 M GdmCl, 10 mM sodium
phosphate (pH 7.1) before the measurements. At final
concentrations of protein above 10 puM monomer, the
protein was unfolded at the same concentration of
denaturant at pH 2. Unless stated otherwise, all
measurements were performed in 10mM sodium
phosphate (pH 7.1 at 20 °C). Refolding was initiated by
11-fold dilution to a final concentration of GdmCl of
0.58 M. The fluorescence intensity of the unfolded state
under refolding conditions (Figure 3) was determined
by extrapolating the fluorescence signal of the unfolded
foldon domain (measured in the stopped-flow instru-
ment) to 0.58 M GdmCI. The effect of human cyclophilin
18 on the slow-refolding reaction was measured by
manual mixing fluorescence measurements in 10 mM
sodium cacodylate (pH 7.1) at [M]y=5uM foldon
domain in the absence and in the presence of 3.3 pM

cyclophilin. The use of sodium cacodylate instead of
sodium phosphate had no effect on the folding kinetics.

Stopped-flow interrupted refolding experiments were
used to monitor the formation of native molecules
during refolding in 0.58 M GdmCl, 20 mM sodium phos-
phate (pH 7.0) at 20.0 °C. Completely unfolded foldon (in
34M GdmCl, 20mM sodium phosphate (pH 1.7),
[M]y = 60 uM) was diluted sixfold into final conditions
of 10 uM protein, 0.58 M GdmCl, 20 mM sodium phos-
phate (pH 7.0) to initiate refolding. After various times
(t)), refolding was interrupted by transferring the
solution into final conditions of 6.7 M GdmCl, 20 mM
sodium phosphate (pH 7.0), final protein concentration
1.7 uM. Native foldon unfolds with double-exponential
kinetics under these conditions (S.Gii. & T.K., unpub-
lished results) with 71 = 7.8(+0.5) seconds (80% ampli-
tude) and T, = 0.24(*0.02) seconds (20% amplitude).
The relative amplitudes of the two reactions is indepen-
dent of the refolding time. The amplitude of the major,
slow-unfolding reaction (1; =7.8(*+0.5) seconds) was
used as a measure for the amount of native protein that
was present after the time t;, when refolding was inter-
rupted. The observed unfolding amplitudes after various
times of refolding were normalized against the ampli-
tude of completely refolded foldon to yield the fraction
of native molecules that were present after f;.

Data fitting and simulations

Data evaluation was carried out using the programs
ProFit (Quantumsoft, Zurich, Switzerland) and Matlab
(The MathWorks, Natick, MA, USA). Interrupted refold-
ing experiments at [M]y = 10 pM and ten direct fluor-
escence-detected refolding traces with [M], ranging
from 0.5 pM to 102 uM were analyzed globally by non-
linear, least-squares curve fitting. The experimental data
were fit to the numerical solution of the kinetic scheme
depicted in equation (4). Rate constants and relative sig-
nal amplitudes of the different kinetic species were fitted
as global parameters. The equilibrium constant between
native and unfolded protein determined by a global fit
of the equilibrium unfolding transitions measured by
fluorescence and CD at various concentrations of protein
(Figure 2) was used as an additional constraint for the fit.
To ensure that the fit converged to the global minimum,
it was repeated 60 times with randomly chosen starting
values for the fitting parameters.
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Dissociates into a Monomeric A-state Form containing a
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and Local B-Hairpin Stability from Residual Dipolar
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The C-terminal domain of T4 fibritin (foldon) is obligatory for the
formation of the fibritin trimer structure and can be used as an artificial
trimerization domain. Its native structure consists of a trimeric B-hairpin
propeller. At low pH, the foldon trimer disintegrates into a monomeric
(A-state) form that has similar properties as that of an early intermediate of
the trimer folding pathway. The formation of this A-state monomer from
the trimer, its structure, thermodynamic stability, equilibrium association
and folding dynamics have been characterized to atomic detail by modern
high-resolution NMR techniques. The foldon A-state monomer forms a
B-hairpin with intact and stable H-bonds that is similar to the monomer in
the foldon trimer, but lacks a defined structure in its N and C-terminal
parts. Its thermodynamic stability in pure water is comparable to designed
hairpins stabilized in alcohol /water mixtures.

Details of the thermal unfolding of the foldon A-state have been
characterized by chemical shifts and residual dipolar couplings (RDCs)
detected in inert, mechanically stretched polyacrylamide gels. At the onset
of the thermal transition, uniform relative changes in RDC values indicate a
uniform decrease of local N-H" and C*~H” order parameters for the
hairpin strand residues. In contrast, near-turn residues show particular
thermal stability in RDC values and hence in local order parameters. This
coincides with increased transition temperatures of the B-turn residues
observed by chemical shifts. At high temperatures, the RDCs converge to
non-zero average values consistent with predictions from random chain
polymer models. Residue-specific deviations above the unfolding tran-
sition reveal the persistence of residual order around proline residues, large
hydrophobic residues and at the B-turn.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: NMR spectroscopy; protein folding; thermodynamics; structure;
order parameter

Introduction

Fibritin consists of an N-terminal anchor domain
(residues 1-46), a large central coiled-coil part

Fibritin is an elongated, trimeric, 486 amino acid
protein of the bacteriophage T4 head with struc-
tural, chaperone as well as sensory functions.'™

Abbreviations used: RDC, residual dipolar coupling;
RMSD, root-mean-square deviation; NOE, nuclear
Overhauser enhancement.

E-mail address of the corresponding author:
stephan.grzesiek@unibas.ch

(residues 47-456), and a small C-terminal globular
domain (residues 457-486). The structures of
C-terminal constructs comprising 120 and 75 amino
acid residues of T4 fibritin have been solved by
crystallography.*® The C-terminal part of the
fibritin trimer is formed from a trimeric coiled-coil
domain, which is terminated by a C-terminal
trimeric B-sheet propeller consisting of monomeric
B-hairpin segments (Figure 1). This B-propeller is

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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necessary for the correct folding of the holoprotein®
and hence has been termed foldon. Residues G457
to L483 (renumbered G1 to L27 for convenience in
the present work) are sufficient to form an isolated
trimeric foldon structure.” Trimerization occurs at
temperatures of up to 75 °C and SDS concentrations
of up to 2% (w/v) at room temperature.® Due to the
extreme stability of the trimer, the foldon can be
used as an artificial trimerization inducer or
enhancer. Thus, Collagen8 and HIV gpl409 trimers
have been stabilized via attachment of the foldon
domain.

Kinetic data indicate that folding of foldon is a

multi-step process,” where trimerization starts from
a collapsed monomeric intermediate formed in the
sub-millisecond time scale. The monomeric inter-
mediate has fluorescence emission properties
(Amax=330 nm) that differ significantly both from
the denatured state and the blue-shifted native
trimer state (Amax=317 nm). However, the fluor-
escence maximum is virtually identical to a mono-
meric acidic state (A-state) that becomes strongly
populated at pH values below ?H 2 and concen-
trations of lower than ~200 pM.” Thus, the A-state
may represent an early folding intermediate.
Trimerization proceeds from this monomeric
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Figure 1. The structure of the T4 fibritin foldon trimer. A, H-bond topology of the trimeric foldon B-hairpin propeller.
B, Backbone worm representation of the mean solution structure. C, Inter-subunit contacts within the foldon trimer. The
three monomers are shown in backbone worm representation as orange, blue and beige. Residues that make inter-
subunit contacts are indicated in space fill with CPK colors. For clarity the R15-E5 salt bridge is only shown between two
monomers. D, Secondary structure topology of a foldon monomer within the trimer structure. The H-bonds are depicted
by a dotted line between the amide proton donor (filled hexagons) and the oxygen acceptor (open hexagons).
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intermediate by two sequential bimolecular associ-
ation steps with rate constants that are close to the
fastest association rates observed for proteins in
solution. The extremely fast association reflects the
biological role of foldon as a very effective trimer-
ization domain during phage assembly, where
fibritin concentrations in the host are on the order
of a few micromolar.”

Clearly, the detailed understanding of protein
folding is of fundamental importance.'” The interest
has been sparked further by the discovery of
folding diseases where misfolded proteins reach a
seemingly global energy minimum comprised of
fibrillar B-strand amyloid structures.'’'* While
model peptides for the folding of a-helices have
been described extensively for several decades,'>™°
the folding of isolated B-hairpins, representing the
minimal model for B-sheet formation, has been
characterized only more recently.'®!” The under-
standing is complicated by the various non-sequen-
tial interactions involved in hairpin and B-sheet
formation. The folding and unfolding of isolated
B-hairpins has been shown to occur on a time scale
of few microseconds, and the experimental
evidence indicates that folding usually occurs in
broad transitions due to the relatively small folding
enthalpies.'®

Solution NMR can monitor folding transitions
and equilibria at atomic resolution. Traditionally,
chemical shift and nuclear Overhauser enhance-
ment (NOE) information are used,' but more
recently also the weak alignment of proteins in
anisotropic liquid phases® has become a tool to
directly monitor average net orientations and order
parameters of individual bonds by residual dipolar
couplings (RDCs). The introduction of inert
orienting media, such as strained polyacrylamide
gels,21’2 has made it possible to obtain weak
alignment and RDC information even under
relatively harsh unfolding conditions.”>** RDC
techniques allow a quick characterization of the
topology of folded and also of only partially folded
states. Thus, the local propensities for o-helical
conformations could be detected in unfolded forms
of the S-peptide,” the acgl—coenzyme A binding
protein,®® and myoglobin.”

Here, we have used modern solution state NMR
methods to characterize the details of the transition
from the foldon trimer to the A-state monomer, to
determine the monomer structure, and to charac-
terize its thermal unfolding. The protonation of the
E5 side-chain below pH 2, and the consequent
opening of the E5-R15 salt bridge are responsible
for the trimer-monomer transition. The A-state
monomer forms a B-hairpin with native backbone
structure, including native H-bonds and thermally
stable side-chain contacts. Relaxation data show
that the hairpin amides undergo microsecond
motions, presumably representing the overall fold-
ing and unfolding transition. The determination of
RDCs during thermal unfolding in mechanically
strained polyacrylamide gels permits the direct
observation of local order of NH" and C*H”

moieties and a breakdown into different contri-
butions from H-bonds and side-chain contacts. The
apparent two-state folding of the hairpin can thus
be dissected into residue-specific phenomena,
which can be compared to predictions from
simulations and statistical mechanical models.
Local structures in the turn prove to be particularly
stable during thermal unfolding and are therefore
likely to steer the hairpin during the hydrophobic
collapse towards the native H-bond register.

Results and Discussion

The native trimer structure

The isolated foldon trimer structure solved by
NMR in solution at pH 7 (Figure 1) is very similar to
the foldon part of the larger protein constructs in
crystalline form.” Within the trimer, the foldon
monomers (residues G1-L27) consist of an
extended N-terminal region (G1-Q11), a B-hairpin
(A12-L23), and a C-terminal 319 helix (L23-L27).
The extended N-terminal region contains a poly-
proline II helix between residues P4 and P7 and
packs against one side of the B-hairpin by hydro-
phobic contacts. The central B-hairpin is short, with
five residues per strand (A12-K16 and E19-123)
and strongly twisted. According to a definition used
by Hermans and co-workers,* the right hand twist
amounts to an angle of more than 60° between two
cross-strand C*C* vectors of sequential H-bonded
residue pairs (e.g. C*C* V14-V21 and C*C* K16-
E19; see Figure 1A). This twist leads to a very
compact B-propeller topology and presumably
disfavors aggregation into extended sheets. The
hairpin is stabilized by hydrophobic residues at its
N and C-terminal ends (A12-V14, V21-L23), and a
diagonal interaction between Y13 and W20 seems to
promote the hairpin twist. The hairpin strands are
connected by a type 1 B-turn consisting of residues
K16 to E19. Together with R15, residues K16, D17,
and E19 form a charged cluster in the turn region of
the hairpin.

The foldon trimer interface consists of many
hydrophobic interactions along the trimer sym-
metry axis, involving residues Y2 and I3 at the N
terminus, V14 in the hairpin, as well as 123, F26,
and L27 in the C-terminal 3 helix (Figure 1C). The
crucial inter-subunit salt bridges (see below)
between residues E5 and R15 and the inter-subunit
H-bonds between Y13 and R15 (Figure 1A) further
contribute to the extreme stability of the trimer.

The monomeric A-state

When changing the pH from neutral to acidic, a
second species appears in the NMR spectra of
foldon, which is in slow chemical exchange with the
foldon trimer state (Figure 2A). This second species
becomes increasingly populated between pH 4.3
and pH 1.6 (Figure 2C) and apparently corresponds
to the acidic state (A-state) of foldon. Lowering the
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Figure 2. A and B, Concentration-dependent dissociation of the foldon trimer at pH 2 and 25 °C in solutions with
5 mM phosphate and 20 mM chloride at 40 uM (A) and 160 uM (B) peptide concentration. Trimer and monomer coexist
in equilibrium in slow exchange. Amide resonance assignments for both species are given in A and B with trimer
resonances indicated by asterisks(*). C, Average trimer and monomer peak intensities as a function of pH at 25 °C and
0.25 uM total peptide concentration. D, Titration of side-chain carboxylate >C resonances in trimeric foldon at 25 °C.
Continuous lines are fits of the Henderson-Hasselbalch equation to chemical shifts. pK, values are: E5: 1.70, D9: 2.55,
D17: 3.23, E19: 4.37. E, Co-titration of E5-'3C” and R15-3C aliphatic side-chain resonances.

protein concentration while keeping the pH at pH 2
leads to a relative intensity increase of this A-state
species with respect to the trimer state (Figure 2B).
The intensity dependence corresponds to a 3:1
stoichiometry of the two species. This fact, the '°N
relaxation data of the A-state (see below), its fast
exchange with an unfolded species over a broad
temperature range, and the high similarity of its
fluorescence spectra with the monomeric folding
intermediate indicate that the A-state of foldon is
monomeric. The intensity of spectral lines corre-
sponding to trimer and monomer becomes approxi-
mately equal at pH 1.7 for a 250 uM total protein
concentration (Figure 2C). Thus, the trimer concen-
tration is about one-third that of the monomer
concentration under these conditions. As trimer
and monomer coexist in slow chemical exchange,

their separate sets of resonances could be assigned
individually by standard heteronuclear 2D NMR
experiments. In this way, complete backbone and
side-chain chemical shift assignments were
obtained. No further spectral species are detectable
for a threshold of about 5% of the monomer A-state
population. Thus, we conclude that other inter-
mediates, such as dimers, are not significantly
populated.

The reason for the disintegration of the trimer at
low pH values can be traced back to the breaking of
the inter-subunit E5-R15 salt bridge (Figure 1D). A
titration of the side-chain carboxylate '*C reson-
ances for all glutamic and aspartic acid residues
(Figure 2D) and of the aliphatic E5-'°C” and
R15-">C® resonances (Figure 2E) shows that the
pK, value for E5 is strongly shifted to 1.7, and that
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the aliphatic E5 and R15 side-chain resonances co-
titrate according to this pK, value. Thus, the
protonation state of the E5-R15 salt bridge closely
follows the monomer—trimer equilibrium, as judged
from the monomer and trimer resonance intensities
shown in Figure 2C.

The following minimal reaction scheme
expresses this dependence of the monomer—trimer
equilibrium on the monomer protonation state:

KM
3M + 3H «——> 3MH

K; KtH 1)
.

T+3H «—— TH,

v [MI[H] r_ [TIHP

where K" = IMH] . = [TH]
y _ [MHP _MP
Ky = [THL and K; = T

An analysis of the spectral data yields values for
all four equilibrium constants: thus, the midpoint of
the protonation equilibrium of E5 in the trimer is at
pH 1.7, yielding a value for KI of 107> M?
whereas for the free glutamic acid side-chain in
the monomer a KM value of 10"**M can be
assumed. Neglecting an appreciable population of
deprotonated monomer M at pH 1.7, the monomer—
trimer equilibrium constant in the protonated
state can be calculated as K{{ = [MH*/[TH;]=
[0.125 mM]J*/[0.125 mM/6] = 9.4 X 10~° M?, because
the observed monomer (MH) and total trimer
(T+TH;) intensities are approximately equal for
a total foldon concentration of 250 uM, and
[T]=[TH3] at this pH value. Finally, the circular
reaction scheme in equation (1) leads to the
condition that K, = KH(KM)3/KT =7.4 X 1071 M2.

The difference in the protonation equilibrium
constants for the E5 carboxylate in the monomer
and trimer correspond to a stabilization energy of
RT(n KT — 3 X In KM) = 48 kJ/mole trimer (16 kJ/
mole monomer) at physiological pH and 25°C. A
total free energy of 89 kJ/mole monomer was
determined for the transition from the folded trimer
to the guanidinium chloride unfolded monomer.”
The considerable strength of the inter-subunit salt-
bridge can be explained by the highly hydrophobic
interior of the foldon trimer, which also leads to
pronounced blue shifts in the fluorescence emission
spectrum of the interior residue W20.” A stabiliz-
ation energy of very similar size due to the presence
of a single salt-bridge has been observed in the pH-
induced denaturation of T4 lysozyme.*!

When both monomer and trimer species are
present at low pH, no line-broadening from
intermediate exchange can be observed in the
"H-"N correlation spectra, even for small chemical
shift differences (JAv'H)| <50 Hz between the two

forms. This indicates that the exchange time
between monomer and trimer forms must be
significantly longer than 20 ms. Indeed, results of
chemical exchange spectroscopy show that the
transition from the monomer to the trimer occurs
on a time scale >800 ms at 25 °C. At 40 °C exchange
peaks between monomer and trimer species
become observable within 800 ms. Their intensities
correspond to a pseudo-third-order association rate
of ~1X10° M~ %5 ! for the monomers and a trimer
dissociation rate of ~0.5s".

The A-state monomer structure

The resonances of the A-state monomer show
strong chemical shift dispersion for hairpin
residues A12-123 (e.g. see Figure 2B). For this
region, the secondary chemical shifts indicate an
intact B-sheet structure. In particular, the
pronounced downfield shifts of the 'HY amide
resonances (V14, K16, D17, V21) are a sign of strong
and intact B-sheet H-bonds.*>* In contrast, 'H, °C,
and '°N chemical shifts for residues outside of the
hairpin region, i.e. S0-A12 and S24-L27, are
indicative of random coil conformations.

An analysis of 'Dap and 'De gy, RDCs (Figure 3A
and B) obtained for the A-state monomer in
horizontally compressed polyacrylamide gels

S
o
3]
3 hairpin
e}

03¢ , , : : ,
1 5 10 15 20 25
residues

Figure 3. Analysis of D and 'Degpi, RDCs in the
foldon monomer. A, 'Dyy, B, 'Degri, RDCs. Continuous
lines represent measured couplings, dotted lines RDCs
calculated from the average trimer structure. Residual
orientation was obtained within mechanically strained
acrylamide gels for 0.4 mM foldon, 5mM phosphate,
20 mM chloride at 45°C and pH 2. C, Q-factors of the
combined 'Dny and 'Degpy, RDCs of segments of ten
consecutive amino acid residues moved through the
foldon sequence as a function of the average residue
number (see the text).
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corroborates this picture. RDCs in the hairpin are
large and consistent with a rigid structure, whereas
out51de of this region RDCS adopt smaller negative
(*‘Dnp) or positive values ('Dcyris), consistent with
a largely mobile polypeptide cham that orients
relative to an external director®® (see below). In
order to test the structural similarity of foldon
A-state monomer and trimer, orientation tensors
were derived by hnear fits>* from the trimer
structure and from all 'Dyy and 'Degpy, RDCs
observed within segments of ten consecutive amino
acid residues. The position of these decapeptide
segments was moved through the entire foldon
sequence, i.e. spanning Y2-Q11, I3-A12, ..., G18-
L27, and orientation tensors were derived for
each. Theoretical RDCs were then back-calculated
from these 17 orientation tensors and compared
to all observed RDCs. Figure 3C shows the NMR
Q-factors (=rms(D°*— D) /rms(D°*)*®) for the
different decapeptides as a function of their average
position. Clearly, the Q-factors have distinct mini-
mal values (~0.36) when the decapeptides are
taken from the region between G10 and S24.
Outside of this region, the Q-factors increase
strongly, e.g. to values around 0.7 at the N terminus.
This simple comparison proves that the A-state
monomer structure is very similar to the trimer
structure within the hairpin, but that it is different
and unstructured elsewhere. This finding is illus-
trated in Flgure 3A and B, which show calculated
'Dair and 'Deyy, RDCs for the entire foldon based
on an orientation tensor that was derived from
RDCs of the hairpin region only (residues A12-
L23). Within the hairpin, the calculated and
observed RDCs are almost identical. Elsewhere
the calculated RDCs vary strongly and deviate
significantly from the observed RDCs, which are
more uniform and very moderate in size.

Despite of the inherent dynamics of the acid
collapsed monomeric state and the low protein
concentration (<0.2mM) that is necessary to
populate the monomer at pH 2, it was possible to
determine its three-dimensional structure (Figure 4)
from a limited set of distance, dihedral angle, and
RDC restraints (Table 1). The structure is well
defined with a heavy atom backbone RMSD of
0.29 A for residues G10-L23 representing the hair-
pin and a small, kinked N-terminal extension (G10,
Q11). Within the hairpin, the B-sheet H-bonds show
regular in-line geometry. This is also directly
evident from the NHY RDCs for V14/1.22, V21/
R15, and K16/W20 (Figure 3A), which have pair-
wise very similar values due to the identical
orientation of donor and acceptor amide groups
within the H-bonds. As no NOEs are observed that
would contradict this structural model, we con-
clude that other conformations are not highly
populated.

Moreover, no NOE interactions were detectable
that would support stable tertiary contacts between
the hairpin and the unstructured N and C-terminal
parts of the foldon monomer. The absence of such
contacts is also evident from details of the chemical

Figure 4. Solution structure of the A-state foldon
monomer. A, Backbone worm representation of the ten
lowest energy structures of the foldon monomer (PDB-
code, 1UOP). B, The hairpin part of the ten lowest energy
structures of the foldon monomer in the A-state in stick
representation. Side-chains of residues Y13, W20 and L22,
which form a hydrophobic cluster, are shown in red. For
comparison, the hairpin part of the ten lowest energy
structures of foldon within the native trimer (1RFO) is
shown in C.

shifts. Thus, the 'H chemical shift of the A6 methyl
group is strongly shifted to —0.6 ppm in the trimer
because of the packing against the side-chains of
Y13 and W20, but adopts a random coil value of
1.2 ppm in the monomer. The disintegration of the
trimer also induces some rearrangements within
the hairpin side-chains. In particular, the variations
in the NOE patterns show that the hydrophobic
packing of the side-chains of Y13, R15, W20, and
L23 is less compact in the monomer than in the
trimer (Figure 4B and C).

The structure of the foldon monomer shows that
the B-sheet hairpin conformation is intact even
without further tertiary monomer or quartery
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Table 1. Statistics of the foldon A-state NMR structure

RMSDs from experimental distance constraints® (A) all (175)
RMSDs from dihedral constraints (°) (28)°
RMSDs from *Jpnma coupling constraints (Hz) (20)
NMR quality factor Q°
Deviation from the idealized covalent geometry:
bonds (A)
angles (°)
impropers® (°)
Coordinate precision (A
backbone non-hydrogen atoms
all non-hydrogen atoms

Percentage of non-gly, non-pro residues in Ramachandran regions:*

core
allowed
generous
disallowed

0.068 +0.002
1.0£0.2
1.3+0.1
0.224+0.01

0.0060 £ 0.0001
0.69+0.02
0.50+0.03

0.29
0.75

The statistics were obtained from a subset of the ten best energy structures out of 100 calculated following the standard CNS”° simulated
annealing protocol with dipolar restraints incorporated. The number of the various constraints is given in parentheses.
 Distance constraints comprise 76 intra-residual NOEs, 61 sequential NOEs (|i—j|=1), 15 short-range NOEs (1 <|i—j| <5) and 23

long-range NOEs (|i—j|>5).

"The dihedral angle constraints comprise 16 ¢ and 12 ¢ angles obtained from TALOS.*”

¢ The NMR quality factor Q is defined as the ratio of the RMSD between observed and calculated couplings and the RMS of the
observed couplings.® RDCs consist of 15 "H-">N and 14 'H-'*C dipolar one-bond couplings from residues 8-22.

4 The improper torsion restraints serve to maintain planarity and chirality.

¢ The coordinate precision is defined as the average RMS difference between the individual simulated annealing structures and the
mean coordinates. Values are reported for residues 10-23, i.e. for core residues, which show maximal {*H}-"*N heteronuclear NOE

values in the foldon A-state.

f These values are calculated with the program PROCHECK-NMR" for residues 10-23.

trimer interactions. Thus, foldon has an autono-
mously folding B-hairpin motif. Most likely, the
foldon A-state structure resembles the monomeric
on-path folding intermediate, which is stabilized at
low pH by weakening the association reaction. This
close resemblance is also evident from the similarity
of the A-state and folding intermediate fluorescence
spectra. Thus, the isolated foldon monomer with
the intact hairpin appears as a stable, low energy
intermediate in the folding pathway of the trimer.
Early formation of hairpins in protein folding has
also been reported, e.g. for staphylococcal
nuclease® as well as for proteins L and G.*”

Quantitative analysis of thermal B-hairpin
unfolding from chemical shifts

Due to their pronounced structure dependence,
chemical shifts are a sensitive and convenient probe
for the stability of protein secondary structure
elements. The temperature dependence of chemical
shifts is usually highly reproducible for small
reversibly unfolding peptides and has been used
for the quantitative thermodynamic analysis of
[3—hairpins.38_40 Here, the thermal equilibrium
unfolding of the foldon monomer was followed
simultaneously by 3H* §%2C% 3°N and 3'HY
chemical shifts obtained from two-dimensional
heteronuclear correlation spectra. Whereas 3'H*
and 8'°C* primarily report on backbone and to a
lesser extent on side-chain conformations, 3'HY and
3'"°N are also very strongly influenced by the
formation of H-bonds.”**!

All of the monitored chemical shifts within the

hairpin show an apparent two-state transition
behavior upon thermal unfolding (Figure 5). As
the two states are in fast chemical exchange,
observed shifts are a weighted average of both,
folded and unfolded states. Thus, the temperature
dependence of the measured chemical shifts could
be fitted (Figure 5, continuous lines) to the
functional form:

3X = p,dX, +proX;
= 3X, + (3X; — 3X,)[exp(—AG/RT)V/
[1 4+ exp(—AG"/RT)) 2)

where 3X, 8X,, and 3X; are the observed, unfolded
state, and folded state chemical shifts of nucleus X,
p. and py are the populations of the unfolded and
folded state with p,+p/=1, and AG® is the free
energy of folding obtained from the Gibbs-Helm-
holtz formula** as:

AG’ = (AH" 4+ AC)(T — 298 K))
— T(AS’ + AC) In(T/298 K)) (3)

The fits according to equations (2) and (3) did not
prove very robust with respect to the value of AC,.
Since AC, is usually very small for thermal
denaturation of B-hairpins,® this parameter was
approximated as AC,=0 to minimize errors in
fitting of the other thermodynamic parameters.

The behavior of the chemical shifts in Figure 5
shows a high population of the folded A-state
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Figure 5. Residue-specific ther-
120 mal transitions in the hairpin as
monitored by backbone chemical
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104} X ) ) ] exchange. The derived thermo-
20 40 60 80 100 dynamic parameters are given in
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B-hairpin at room temperature. Thus, the chemical
shifts of this state can be determined to high
accuracy. Fitted 83X values correspond to a well-
folded structure and are very similar to the shifts of
the trimer structure. In contrast, the fitted 38X,
values are close to random coil chemical shifts.
Table 2 lists as an example the fitted 53X, 3X,,, trimer,
and random coil values for the ">C* shifts.

The fit of the thermal 'H* and "*C* chemical shift
transitions yields apparent average folding

enthalpies AH= —50.7 k] /mol and folding entro-
pies AS°= —152J/(mol XK) in H,O (Table 3) for the
hairpin strand residues Y13-K16 and E19-L22. This
indicates that the foldon hairpin is populated to
almost 90% at room temperature in the A-state.
Thus, the hairpin is a highly stable structure with
thermodynamic properties in aqueous solution
comparable to designed hairgins stabilized by the
addition of 50% methanol®® or 30% trifluoro-
ethanol.*’ Melting temperatures calculated as

Table 2. Comparison of foldon 13C* chemical shifts in various states

Trimer® Monomer folded® Monomer unfolded® Random coil®
Y13 58.9 57.4 57.5 57.8
Vi4 59.4 59.7 62.2 61.9
R15 53.5 54.5 56.1 56.0
K16 55.7 55.6 56.3 56.1
D17 54.7 53.8 53.1 53.0
G18 45.6 455 455 452
E19 53.3 53.3 55.7 55.7
W20 55.9 56.6 57.6 57.5
V21 59.7 59.9 62.5 61.8
L22 55.7 55.0 54.9 55.1
123 57.4 55.7 55.6 55.1

Values are given in ppm.
* Trimer chemical shifts at 25 °C, pH 2.

® Values 3"°C# and 3'C% derived from the fit of the monomer thermal transition according to the Gibbs—Helmholtz equation (2).
¢ Random coil 5'°C* values derived by taking into account sequence-specific next neighbor effects.”
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Table 3. Transition temperatures Ty, and apparent folding enthalpies AH° and entropies AS of the thermal unfolding of

the foldon hairpin

T (K) AH® (kJ/mol) AS° (J(mol XK))
Turn (*C*/'H%? 342.640.8 —56.5+7.6 —165.44+22.0
Strands (**C*/TH*)P 332.6+2.7 —50.7+5.2 —152.4+16.4
Strands (‘HN)° 330.5+3.7 —51.04+13.9 —154.4+43.3
Strands (*°N)¢ 334.645.2 —47.8498 —142.7429.0

Values are obtained by fits of the Gibbs-Helmholtz equation (2) to the 3¢ TH* '"HN and N chemical shift transitions. Average values

and standard deviations are given.

2 Values indicate averages and standard deviations for *C*(D17), "H%D17) and the glycine methylene proton dispersion ATH*(G18).

The transition amplitude of 13C*G18) is too small for a reliable fit.

® Values indicate averages and standard deviations for all '*C* and "H* resonances of residues Y13-K16 and E19-1.22 with the
exception of 13C*(Y13) and 'H*(R15, K16), which have too small transition amplitudes for reliable fits.

© Values indicate averages and standard deviations for the "H" resonances of hydrogen-bonded residues V14, K16, E19 and V21,
which undergo significant cooperative transitions upon H-bond melting.

4 Values indicate averages and standard deviations for all >N resonances of residues V14-K16 and E19-1.22. The transition

amplitude of the >N resonance of Y13 is too small for a reliable fit.

T..=AH°/AS° have values of T,,=332.6K for
strand residues Y13-K16 and E19-L22. In contrast,
the melting temperatures for the B-turn resonances
of D17 and G18 are increased by 10 K (Table 3), as
evidenced from the behavior of the *C* and 'H*
shift of D17 (Figure 5A) or the frequently used
glycine methylene proton dispersion®® A3'H*
(Figure 5B). An increase in thermal stability of up
to 15 K in various turns has been reported from 'H”
chemical shifts in engineered hairpins*’ and inter-
preted as evidence for local stability and hairpin
nucleation from the turn, which is also predicted by
kinetic** and thermodynamic* zipper models. The
apparent thermal stability of the turn residues is
also consistent with the finding that the sequences
DG and NG have the highest propensities for type 1
B-turns in the RCSB Protein Data Bank.*®

"HN chemical shifts are primarily reporters of
H-bond distances.’*?*> The "H™ shift dispersion of
the foldon A-state hairpin at room temperature
with mostly downfield-shifted 3'HN shows the
presence of well-formed H-bonds (Figure 5C).
This differs from an incidental observation'® that
certain B-hairpins form collapsed states similar to
well-folded structures but with ill-defined H-bonds.
Monomer "HY shifts of residues K16 and E19 near
the turn are almost identical to the trimer and
indicate that these H-bonds are very similar in
geometry and population as in the native structure.
This agrees with predictions from off-lattice models
of B-hairpin formation* that the near-turn H-bonds
are particularly highly populated and confor-
mationally more stable than the neighboring in-
line H-bonds. The temperature dependence of the
"HN shifts shows that the H-bonds melt in a
cooperative manner during thermal unfolding
with thermodynamic parameters (Table 3) close to
those for 'H* and '°C* but slightly reduced
transition temperatures (see also below). A more
extended interpretation of these parameters is,
however, difficult due to the simultaneous depen-
dence of 'HY chemical shifts on H-bonding both
within the polypeptide chain and with the solvent.

The thermal transitions of the hairpin "N

chemical shifts (Figure 5D) are qualitatively and
quantitatively very similar to the 'H* 13C* and "HY
chemical shifts (Table 3). However, a structural
interpretation is even more difficult than for "HY
chemical shifts, because the N chemical shifts
depend not only on the direct H-bonds but also on
the H-bonds to the preceding carbonyl group, as
well as on backbone and side-chain confor-
mations.*' Noteworthy observations are the strong
down- and upfield shifts of D17 and G18 at room
temperature. Such strong down- and upfield shifts
are characteristic for type 1 B-turns.*” Accordingly,
in all low-energy structures calculated of the
monomer, residues D17 and G18 are in canonical
type 1 B-turn conformation, although no dihedral
angle restraints had been imposed on the turn
during structure calculations. During the melting
transition, the °N shifts of D17 and G18 move
towards random coil values (Figure 5D). This
clearly indicates an opening of the turn structure
above the transition temperature.

Quantitative analysis of thermal B-hairpin
unfolding from residual dipolar couplings

Chemical shifts and NOEs are widely used to
characterize changes in local structures during
folding transitions of polypeptides. However, due
to the complicated structural dependencies of
chemical shifts and the influence of local dynamics
and spin diffusion on NOEs, the variations in these
NMR parameters are in general difficult to relate to
precise changes of geometric parameters. A charac-
terization of folding phenomena based on RDCs
offers various advantages: first, the measured
dipolar coupling D;s between two nuclei I and S
represents a straightforward ensemble and time
average over the relative nuclear conformation:

~ Yrvshio <3 cos?0 — 1>

D ==
15 423 2

= DIs™(P(cos 0)) (4)
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Figure 6. A, 'Dnyy and "Dy, RDCs in the foldon A-state between 40 °C and 80 °C. Vertical scales are adjusted
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in identical vertical positions. The averages of 'Dnn and Dy, RDCs at 80 °C are indicated as dotted red lines. B,
Temperature dependence of 1DNH and 1DC<zHoc fitted to two-state models.

where 6 presents the angle between the inter-
nuclear distance vector and the external magnetic
field, r is the inter-nuclear distance (assumed as
constant, e.g. within a stable chemical bond), and P,
is the second-order Legendre polynomial. Thus, the
RDCs correspond to well-defined order parameters.
Second, long-range information on the relative
orientation of different inter-nuclear vectors is
contained in the RDC data, because the angle 8 is
determined relative to a common external direction,
i.e. the magnetic field.?° Thus, also non-local order
can be monitored during the folding transition.
Third, RDCs can be measured with high sensitivity
and accuracy for a large number of sites. Therefore,
a detailed description of the folding transition
should be possible.

In order to characterize the thermal unfolding of
the foldon A-state monomer, the temperature
dependence of 'Dyp and 'Deg, RDCs was
determined in inert polyacrylamide gels. Figure 6
shows these data for temperatures between 40 °C
and 80 °C (below 40 °C, the monomer population is
too low for a precise determination of RDCs). It is
evident that the large RDCs, which are observed at
low temperatures within the hairpin region, con-
verge to small, but non-zero values above the
melting transition. Furthermore, the unfolded N
and C-terminal stretches outside of the hairpin
region also adopt small, non-zero RDC values

across the entire temperature range. The all-residue
average at 80°C (shown as red dotted lines in
Figure 6A) amounts to —1.4Hz for 'Dyy and
5.0 Hz for 'Dcyp, RDCs, respectively. Apparently,

-------------->
0
S

jSPZ(cose)dQ <0

Figure 7. Schematic representation of the residual order
for an elongated random chain that is confined within an
elongated cavity. This situation is expected in horizontally
compressed acrylamide gels (see the text).
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the inter-nuclear N-H" or C*~H” vectors have non-
isotropic distributions even above the melting
transition, such that (P(cos 0)) does not vanish.
This behavior has been explained recently for
weakly ahgned non-spherical random polymer
chains.**** The restrictions of bond movements
due to the covalent geometry lead to non-vanishing
RDCs even when the torsion angles along the
polymer chain adopt random conformations.
Figure 7 depicts this situation for an extended
random peptide chain that is aligned parallel to the
magnetic field in an elongated cavity. Similar
conditions are expected within the horizontally
compressed polyacrylamide gels of the present
study. Under these conditions, the N-H™ and C*-
H* (X-H) vector movements are restricted to an
equatorial section of the unit sphere, and the
average (P,(cos 0)) becomes negative. Thus, due to
the opposite 51gns of yn and yc that enter into
equatlon (4), 'Dnu RDCs should be negative,
whereas DCocHoc should be positive. The signs of
the average !Dan and Dy, RDC values at 80 °C
(Figure 6A) agree with these predictions. An
inversion of the signs is observed when the foldon
A-state monomers are aligned by longitudinally
compressed polyacrylamide gels, wh1ch yield
opposite sign orientation tensors*”> (data not
shown).

The question arises to what extent the alignment
properties of the gel itself change with temperature.
This was investigated on a sample of gel-aligned
’N-labelled ubiquitin (pH 4.7, data not shown).
Over the temperature range of 20, 35, 50, 65, 80 °C,
the norm of the alignment tensor™ varied by less
than 5% around its mean value, whereas the
correlation coefficient between all tensors was
larger than 99%. Thus, the temperature-induced
changes of the gel alignment properties are very
small and can be neglected relative to the large
structural changes observed for the hairpin.

Thermal transitions of the RDCs in the hairpin
strands fitted to two-state behavior (Figure 6B) yield
average melting temperatures of 324.8 (+6.2) K for
'Dan and 330.7 (£3.9) K for Dy, that are close
to, but slightly lower than the trans1t10n tempera-
tures obtained frorn the '"H* and '*C* chemical
shifts (Table 3). "Dy RDCs for residues V14-122
and V21-R15 show almost parallel unfolding
profiles with even lower average transition tem-
peratures of 320.4 (£2.8) K. This proves that the
strong H-bonds between V14 and V21, which
connect the peptide groups of these residues, open
in a cooperative way and that on average, the in-line
geometries of the respective H-bond donor and
acceptor groups remain virtually unchanged
during the entire unfolding process. The lower
transition temperatures for these RDCs as com-
pared to the 'H*/">C* chemical shifts could be an
indication that the V14 < V21 H-bonds melt before
the backbone looses its specific conformation. A
number of other RDCs also show considerable
deviations from average behav1or (Figure 6B). Thus,
the transition temperatures of 'Deotio, and Dy

RDCs for A12 are noticeably lower than average,
possibly because of the location of this residue at the
beginning of the hairpin and the rotational freedom
of the small alanine side-chain. In contrast, the
transition temperatures for 'Dapg and 'De g, RDCs
of near-turn residue E19 are significantly increased,
whereas the RDCs of its H-bond partner K16 show
almost no temperature dependence. The latter
behavior is further evidence for a particular
stabilization of the hairpin near the turn.

At 80 °C individual RDCs still show deviations
from the respective 'Da and 'Degtio average
values (Figure 6A), which are considerably larger
than the reproduc1b111ty error of the experiments
(<0.3 Hz for "Dy and <0.8 Hz for 'Dcyyy,). These
deviations reveal residue-specific orientational
order above the melting transition. Part of this
order may be explained by the residual population
of folded hairpin expected from the two-state
folding model. At 80°C, the folded population
amounts to ~27% (~77% at 40 °C) as calculated
from the average thermodynamic parameters of the
"H”*/13C* chemical shift transitions. However, the
non-uniform RDC values at 80 °C do not corre-
spond to a simple population scaling of the 40 °C
values. Thus for example, the reduction in RDCs at
80 °C is larger than expected from the 'H*/'*C*
chemical shift transitions for hairpin residues V14,
R15, and V21. This is consistent with the low
transition temperatures observed for these RDCs.
In contrast, the reduction for residues close to the
N-terminal proline residues P4 and P7 is consider-
ably smaller. For these residues, the per51stent and
strong deviations from the average 'Dny and

'Dcorte. RDC values at 80 °C indicate a restriction
of conformational freedom, which likely arises from
the presence of the two proline residues.

A qualitative approach to analyze such devi-
ations from uniform RDC Values was proposed by
Louhivuori and co-workers®® in a recent theoretical
study on the alignment of random peptides: as the
polypeptide chain exhibits a certain stiffness,
consecutive fragmental alignment frames should
not change too abruptly in a random chain. There-
fore, sudden changes in the values of measured
RDCs along the polypeptide chain indicate true
residual order of the inter-nuclear vector orien-
tations. According to thlS cr1terlon the abrupt
sequential changes in 'Dap and Dy, around
proline residues P4 and P7 (Figure 6A) indicate
non-random conformations. Indeed, strong effects
of proline residues have been observed in an all-
atom 51mulatlon of heteropolymers containing pro-
line residues.* More interestingly, a certain fine
structure becomes apparent also within the hairpin
sequence. Thus, strong sequential changes for both

'Dai and 'Degpy, are detected at the beginning
(A12/Y13) and end of the hairpin (L22/L23) as well
as at the turn (K16-W20). A noteworthy observatlon
is the strong sequential changes in 'Deottn for
residues Y13/V14, W20/V21, and V21/L22. These
strong changes are not present at 40 °C. The
deviations involve residues of the hydrophobic
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cluster Y13/W20/L22 and present evidence for
structural order of these residues above the melting
transition. Thus, conformations favoring the hydro-
phobic collapse of the cluster may be particularly
stabilized. Presumably, the structural order of these
large, hydrophobic residues above the melting
transition arises from local side-chain-backbone
interactions, which force the side-chains into
extended conformations and restrict the confor-
mat1ona1 space accessible to random polypeptide
chains.*” Accordingly, also the RDCs of residue Y2
within the unstructured N terminus exhibit such
large sequential deviations over the entire tempera-
ture range.

A more quantitative description of conformation
and local order during the thermal transition is
clearly desirable. In practice, such an analysis is
complicated due to the convolution of local and
global order of the molecule during the unfolding
transition. The global order resulting from the weak
alignment of an entire molecule is usually described
in terms of the Saupe order matrix, which can be
written in irreducible form as S,, (n=-2, —1, ...,
2).°° For rigid molecules in the absence of local
disorder, expected RDC values are derived from S,
as:

4
= DE™y/ 5 Z SiYou®.0) ()

m=-—2

where Y, are second-order spherical harmonics
and 6 and ¢ are the polar angles of the inter-nuclear
distance vector in a molecule-fixed coordinate
system. Local disorder can be incorporated into
equation (5) as an average over a local angular
probability p(6,¢):

4
Dis = D™\ /= Z Sl Y2 (6. )

m=-—2

47t

Dmax
5

2
X Y Snfp(0. 0)Y2,(6. b) sin 0d0de  (6)

m=-—2

It is easy to show that local diffusion with
cylindrical symmetry around an average direction
(60,90) simply reduces Djs by the local order
parameter S;:

4
Dis = SDE™\/ 7~ Z SiYou®p.00)  (7)

m=-—2

For d1ffu51on in a cone of half-angle A6, S; is given

by:*!

S = cos AO

(1 + cos Af)=

A = cos™! %(\/1 85 — 1), (8)

for 0 < AG <90°

Equation (7) shows the principal difficulty that
local order parameters can only be derived from the
measured RDCs provided that the global order
tensor S,, and the local inter-nuclear directions are
known. As the structure of the molecule, and hence
global order tensor and local geometry, change
during unfolding, the problem of a complete
description of local order and geometry is under-
determmed from the currently measured number of

DNH and DCaHa RDCs.

An approximate change in the local order
parameter may be obtained from the assumption
that the global structural change is small and that
local changes result only from an increase in
disorder, but not from a change of the average
inter-nuclear direction. This situation may be
realized for small temperature changes at the
onset of thermal denaturation, where the small
increases in local fluctuations should lead to only
minor changes of the overall structure and molecu-
lar alignment. As a result, the ratio of residual
dipolar couplings D;s measured at two tempera-
tures Ty and T, should be an approximate measure
for the ratio of local order parameters:

Dis(T2) _
Dis(T7)

Si(T»)
S5(Ty)

©)

The assumption of only limited structural
changes at the onset of the thermal denaturation
of the foldon hairpin can be verified to a certain
extent from the Pearson correlation coefficient of the
measured Dy and 'De i1, RDCs. Using the values

(=}
©
T

0.7 F

40 50 60 70 T/ C 80

Figure 8. Pearson correlation coefficient 7* between the
measured hairpin RDCs at different temperatures. The
correlation coefficient is calculated relative to the data
measured at 40 °C. Filled squares and triangles mdlcate
the correlation coefficients for the 'Dyy and 'Degpy
RDCs, respectively. Filled circles indicate the correlation
coefficients of the combined RDCs with 'Dc,p, values
divided by —1.98.
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1 1 o
D/ 'Dyyyy(40°C)

1 1 o
DC(xHa/ DCaHa(4O C)

Figure 9. Measured 'Dnm and
Dyt RDCs in the foldon A-state
for temperatures between 45 °C
and 55°C divided by the
respective values at 40 °C. These
RDC ratios represent approximate
values of the ratios of local order
parameters at the respective tem-
peratures (see the text). The pos-
itions of the two B-strands within

5 10 15 20
residue

at 40 °C as a reference, the correlation coefficient
decreases only very moderately to ~0.93 at 65 °C
(Figure 8), whereas a more pronounced drop to
~0.7 is observed over the temperature range from
65 °C to 80 °C. Correlation coefficients determined
separately for either D or 'Deyirn, RDCs show an
identical behavior (Figure 8). Thus, the RDC
correlation coefficients provide evidence for a
certain robustness of the overall structure in the
temperature range from 40 °C to 65 °C and hence
the applicability of equation (9).

Figure 9 shows the relative changes of local order
parameters S(T2)/Si(T1) from 40°C to 55°C as
approx1mated accordmg to equation (9) by the
ratios of Dy and Dy, RDCs using the values at
40 °C as a reference. The changes are fairly uniform
for residues A12 to V14 and V21 to T25. They
correspond to a relative decrease in N-H" (C*-H?)
order parameters of about 50% (40%) over the
temperature range from 40 °C to 55 °C. As the RDCs
for these residues cover a wide range of values at
40°C and hence a wide range of inter-nuclear
directions, the uniformity of the relative changes
further supports the assumption that they result
from decreased local order parameters and not from
changes of the global order tensor or changes of the
average inter-nuclear direction. Relative changes in
RDC values for the unstructured N-terminal region
from residue I3 to D9 are also rather uniform, but
amount to only about 10-20% reduction in order
over the same temperature range. In contrast to this
uniform behavior, near-turn residues K16 and E19
show a considerably weaker relative reduction or
even slight increases of the order parameters
(Figure 9) consistent with a higher stability of the
turn conformation. It is also evident from the
behavior of 'D¢yyy,, for R15 that the approximation
of a strictly local order decrease fails already at

25 the A-state structure are shown at
the top.

50 °C for this RDC, since its value changes sign at
this temperature.

Relaxation data and folding kinetics

In order to characterize the d?mamlcs of the
foldon A-state monomer by NMR, N longitudinal
(Ry) and transverse (R;) relaxation rates as well as
{'H}-"°N steady-state NOEs (Figure 10A) were
determined below (25°C) and near the hair P
folding transition (55 °C). The analysis of the
relaxation data by the standard model-free formal—
ism>** (not shown) yields the sub-nanosecond
order parameter S°, the global molecular rotational
correlation time <., and contributions from chemical
exchange Rzex to the transverse relaxation rate R,.
At 25 °C, S* values are in a range of 0.6-0.85 for all
hairpin residues, and t.=2.1ns, consistent with
isotropic rotational correlation times expected for
monomeric foldon. At 55 °C, S* decreases to values
of about 0.4 (t.=1.7ns). The size of the §>
parameters indicates that the hairpin N-H" vectors
have rather low mobility on the pico- to nanosecond
time scale at 25 °C, but the amplitude of such fast
motions increases considerably at 55 °C.

The model-free analysis also reveals considerable
exchange contributions Ryex (Figure 10B). These are
attributed to the exchange between folded and
unfolded hairpin, which is fast on the chemical shift
time scale (Figure 5). Under these conditions, the

equilibrium exchange rate (kex=1/Tex=k¢+k,) of a
two-state folding reaction:
ke

U=F (10)

u

is large compared to the chemical shift difference of
the folded and unfolded states (ko >> |Aw|=|w¢—
wyl). The chemical exchange contribution Ry to the
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Ex .55 °C Figure 10. "°N relaxation data of
& the foldon A state at 25°C (grey)
T 2 ] and 55 °C (red). A, Measured Ry, R,
i - (CPMG) rates and {'H}-'°N NOEs.
e - : PRt e =4 B, Chemical exchange contri-
1 5 10 15 20 25 butions Rjex obtained by the

residue model-free analysis.

transverse relaxation rate R, is then given by:>>>®  thermal transitions of the chemical shifts (Figure 5).
Therefore, the exchange times 7., can be calculated
Roex = Pipu(@f — ) Tex. (11)  directly from the measured exchange contributions

Roex. Values for ps and p, were taken from the
where pf and p,, are the equilibrium populations of  thermal transitions as p;=0.85, p,=0.15 at 25°C,

states F and U, respectively, and ps+p,=1. and pg=p,=0.5 at 55 °C, respectively.

It is evident from equation (11), that the popu- Table 4 lists the determined exchange terms Rpex
lations of the two states, the frequency difference,  together with the chemical shift differences Aw(*°N)
and the exchange time cannot be derived indepen-  derived from the thermal transitions of the "N
dently from a single determination of Ryex. How-  resonances (Figure 5D). Sizeable exchange terms are

ever, in the case of the A-state foldon, populations  observed for residues that also show significant
and chemical shift differences are known from the  chemical shift differences. This applies to six A-state

Table 4. Exchange times between folded and unfolded states obtained for foldon hairpin residues

25°C 55 °C
Res Vi=vil  Raex (H2)”  ARgex (H2)®  ex/pis” Vi=val  Raex (H2)”  ARpey (Hz)"  tex/pis”
(Hz)? (Hz)?

13 21 - - - 36 - - -
14 186 Not fit* - - 171 0.72 0.10 2.5
15 104 0.33 0.10 6.1 119 0.24 0.04 17
16 293 Overlap® - - 308 0.98 0.04 1.1
17 361 4.79 0.04 7.3 376 141 0.02 1.0
18 365 4.40 0.03 6.6 350 0.65 0.12 0.5
19 153 0.64 0.15 5.4 138 0.19 0.06 1.0
20 88 = - - 103 0.23 0.03 2.5
21 214 1.56 0.26 6.7 230 0.29 0.02 0.6
22 88 Overlap® - - 103 0.16 0.03 15
23 270 1.99 0.10 54 285 0.60 0.10 0.8

? Values are derived from two-state transitions of nitrogen shifts. |v; — v, | = |w; — w, /27 is the 15N shift difference between the folded
and the unfolded state. Values are temperature-corrected assuming a temperature-independent shift of the folded state and a linear
temperature factor —0.5 Hz/°C for the unfolded state. These assumptions derive from nearly unchanged native trimer chemical shifts
between 25 ° C and 55 °C and from the behavior of unfolded residues near the N and C terminus of the monomer. The corrections have
only a very limited influence on Tey.

b Exchange rates Rjey Obtained from model-free spectral density fitting of Ty, T, and {*H}-">N NOE data (Figure 10) at pH 2.

¢ Errors in Ryey estimated from the spectral density fit.

4 The exchange time is obtained as: Ty = Roey/[4T2ppu (Vi — Vo) 1-

¢ Analysis of relaxation data did not result in sizeable Ryey terms for nuclei with small |vi—v,| values.

f The model-free spectral density fitting of V14 relaxation data at 25 °C did not converge.

8 Reliable °N relaxation data could not be determined due to spectral overlap.
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hairpin residues, which do not overlap with trimer
resonances at 25°C, and to almost all hairpin
residues (V14-123) at 55°C. For these cases,
Table 4 lists the exchange times e, calculated by
equation (11) from the known equilibrium popu-
lations and frequency differences. At 25 °C average
Tex Values are 6.4 (£1.0) ps, corresponding to rate
constants k; = 1.3(+0.2) X 10° s7! and k, = 3.0+0.4)
X10* s7! for hairpin folding and unfolding, respect-
ively. At 55 °C average Tex values are 1.5(£0.7) ps
corresponding to k¢ =k, = 4.7(2.4) X 10° s, Turn
residue G18 exhibits particularly fast exchange with
Tex=0.5ps at 55°C, possibly due to its confor-
mational freedom in dihedral angle space. Studies
of an isolated hairpin construct consisting only of
residues A12-1.23 revealed comparable hairpin
formation and very similar exchange times of 6.6
(£0.5) ps at 25 °C as determined by HN relaxation
rates (data not shown).

For the foldon A-state peptide, the chemical
exchange contributions are mainly observed for
contiguous stretches of hairpin residues. It is there-
fore very likely that the chemical exchange corre-
sponds to the global folding-unfolding reaction of
the hairpin. The folding times of a few micro-
seconds are consistent with reaction times obtained
by temperature-jump optical spectroscopy for
hydrophobic cluster formation in GB1'™ and
H-bond formation in engineered hairpins like
trpzip4 and peptide I,”” as well as with microsecond
chemical exchange times in model hairpins derived
from an analysis of ">°C NMR relaxation data.”®>’

Conclusion

It has been proposed that foldon is an evolution-
ary optimized folding and trimerization domain,*
as its only known biological function is to promote
the correct folding of the fibritin trimer. Foldon’s
very efficient folding pathway was characterized in
a previous kinetic investigation.” The association
starts from a monomeric intermediate with partially
buried hydrophobic side-chains and leads to the
fully formed trimer with rates that are close to the
fastest known protein dimerization reactions.” At
pH 2, the trimer disintegrates into a monomer,
which has similar fluorescence properties as the
monomeric folding intermediate.

Here, the formation of this A-state monomer from
the trimer, its structure, equilibrium association and
folding dynamics, and its stability have been
characterized to atomic detail by solution NMR.
The destabilization of the foldon trimer at low pH
could be traced to charge neutralization of residue
E5 in the strong inter-subunit R15-E5 salt bridge.
Equilibrium constants and association energies for
this pH-dependent association reaction were quan-
tified. The structural analysis by RDC and other
NMR parameters shows that the foldon A-state
monomer consists of a B-hairpin with intact and
stable H-bonds that is similar to the monomer in the
foldon trimer, but lacks a defined structure in its N

and C-terminal parts. The hairpin is strongly
twisted, presumably in order to provide suitable
surfaces for the fast and specific association of the
foldon trimer and to avoid the formation of
extended B-sheets by competing reactions.

The thermal unfolding of the A-state B-hairpin
was monitored by 'H*, ¥C*, 'HY and '°N chemical
shifts, which yield average transition temperatures
around 333 K. The derived folding enthalpies and
entropies indicate that the foldon hairpin is highly
populated in aqueous solution at room tempera-
ture. Its thermodynamic stability in pure water is
comparable to designed hairpins that are stabilized
in alcohol/water mixtures. The chemical shifts
indicate increased local structural stability at the
turn, as has been proposed for various hairpins
from thermal "H” chemical shift transitions* and
theoretical models.*” The exchange between folded
and unfolded forms occurs within a few micro-
seconds as derived from the chemical exchange
contribution to the "°N transverse relaxation times.
These folding times are comparable to observations
for other hairpins.'®>"~>

New qualitative and quantitative information on
N-H" and C*~H” bond order parameters during
thermal unfolding was obtained from 'Dyy and
'Dcutie. RDCs obtained in inert, mechanically
stretched polyacrylamide gels. The RDC data in
the hair]I:)in show a similar temperature dependence
as the 'H* and '®C”* chemical shifts, albeit with
somewhat lower transition temperatures for the
RDCs of the strand residues. This is particularly
evident for 'Dny values from the donor and
acceptor peptide planes of the two strong
H-bonds between residues V14 and V21. This
could be an indication that these H-bonds are
destabilized before larger conformational changes
of the backbone become detectable in the 'H* and
13C* chemical shifts. Above the melting transition,
the RDCs converge to small, but non-zero average
values consistent with expectations from oriented
random chain models. The sequence-specific vari-
ations of these RDCs above the melting transition
reveal residual order for many of the N-H" and C*~
H” bond vectors. It is particularly evident that
residues close to the two N-terminal proline
residues P4 and P7, within the hairpin turn,
and residues with large hydrophobic side-chain
deviate from random chain behavior. The structural
preferences within the turn and the hydrophobic
cluster of residues Y13, L22, and W20 are likely to
direct the hydrophobic collapsed state towards the
correct H-bond register of the monomer. It is
interesting to note that the structural preferences
within the “unstructured” N terminus of the
monomer involve residues that form extended
inter-monomer contacts within the trimer, i.e. Y2,
I3, and E5 (Figure 1). It is thus possible that the
trimer interface is already preformed to a certain
extent in the monomer.

An attempt was made to translate the tempera-
ture-induced changes of the RDCs into changes of
local order parameters. This seems possible for
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small temperature variations at the onset of the
thermal transition, where the high correlation
coefficients between the hairpin RDCs measured
at different temperatures indicate the preservation
of the overall structure. In this situation, the ratio of
RDCs measured at two temperatures should be
approximately equal to the ratio of the local order
parameters. These relative RDC values over the
temperature range from 40°C to 55°C reveal a
rather uniform decrease (40%-50%) of order for
many of the B-strand residues and a smaller
uniform decrease (~20%) for residues within the
unstructured N terminus. The changes can be
interpreted as a uniform temperature-induced
decrease of local N-HY and C”*-H” order par-
ameters. In contrast, near-turn residues K16 and
E19 show only very small changes in RDC values
and hence in local order parameters at the onset of
the unfolding transition.

It has been suggested that the stability of B-turn
conformations arises from an interplay of transient
hydrophobic cross-strand interactions and local
dihedral angle propensities.®!*> Temporary hydro-
phobic side-chain contacts may stabilize the bent
conformation by the stronger hydrophobic inter-
actions at higher temperatures even after the
melting of the H-bonds. This is in agreement with
Monte-Carlo simulations, which show that tran-
sition temperatures of the hydrophobic collapse in
molecular dynamics simulations are higher than the
transition temperatures for the formation of back-
bone secondary structures in hairpins.*> The
present experimental results on the behavior of
chemical shifts and RDCs corroborate these predic-
tions for the foldon hairpin with respect to the
particular stability of the hydrophobic cluster and
the type 1 B-turn.

In summary, a large number of physico-chemical
parameters of the foldon monomer-trimer equi-
librium and of the thermal denaturation of its low
pH monomeric form have been determined from a
rigorous combination of modern high-resolution
NMR techniques. In particular, 'Dan and Dy
RDCs provide new information on structural
preferences within the unfolded and partially
unfolded monomer states. A further increase in
the number of determined RDCs is possible, e.g. by
the detection of side-chain or long-range RDCs or
by using different alignment conditions. This may
ultimately lead to a complete quantification of local
order in folding—unfolding transitions.

Material and Methods
Purification

U-'3C, U-"°N-labeled foldon was expressed as a
thioredoxin fusion protein in Escherichia coli BL21(DE3)
from a plasmid based on pET-32a (Novagen).8 The fusion
protein carries an N-terminal 6xHis-tag and a thrombin
cleavage site between thioredoxin and the C-terminal
foldon. The non-native thrombin cleavage site residues
G '8%are highly flexible and disordered at both pH 7 and

pH 2. The complete sequence of the foldon construct is
GS” GYIPEAPRDG'"’ QAYVRKDGEW? VLLSTFL.”

Foldon was purified via affinity chromatography on a
nickel-NTA column (Novagen) before and after thrombin
cleavage and was dissolved in 5 mM potassium phos-
phate buffer (pH 7). Protein concentrations were deter-
mined using the method of Gill & von Hi}?pel63 with an
extinction coefficient of 2.56 cm mg ™' ml ™.

Heteronuclear NMR

NMR samples were prepared in 'H,O/?H,0 19:1 (v/v)
and adjusted to the indicated pH values with a Russel
electrode by addition of HCIL All spectra were
recorded on a BRUKER DRX 600 spectrometer. Triple
resonance assignment and NOE experiments were
carried out similar as described.®* Weak alignment of
0.3 mM [U-'°C, U-""N]foldon in acrylamide gels of 7%
(w/v) was achieved by horizontal compression in NEW-
ERA sample tubes to an aspect ratio of 2.9 as described®
or by vertical compression with the plunger of a Shigemi
NMR tube.?? 'Dyg; RDCs were measured with the IPAP
experiment,66 'Dcyiin RDCs were obtained via a gradient-
selected constant time heteronuclear single quantum
coherence (HSQC) without '>C decoupling during
acquisition. Errors are estimated as <0.3 Hz for 'Dan
and <0.8Hz for 'Dcyug dipolar couplings from
reproducing the measurements. NMR spectra of the
foldon A-state in polyacrylamide gels are identical to
those in solution, indicating that the gels cause no major
structural changes. Temperature calibration was per-
formed as described on a standard polyethyleneglycol
sample.67 H, ®N, and ¥C chemical shifts were refer-
enced relative to the ?H lock resonance of water for all
temperatures. Shifts of side-chain carboxylate resonances
were measured at 25°C with a gradient selected
H(CA)CO experiment optimized for side-chain
methlyene groups. °N relaxation data were recorded as
described® on a sample of 0.3 mM [U-13C, U-"N]foldon.
R, data were derived from Carr—Purcell-Meiboom-Gill
(CPMG) spin-echo experiments with delays of 1ms
between the 180° pulses. Relaxation data were fitted to
model-free spectral density functions with the program
TENSOR.>

Data analysis and structure calculation

All data were processed with the NMRPipe®® suite of
programs and analyzed by the program PIPP.* Fits of
thermal transitions according to the Gibbs-Helmholtz
formula** were performed by Monte-Carlo fitting
followed by a robust minimization of x> with ProFit
(QuantumSoft, Switzerland). pK, values were obtained
from '*C chemical shift measurements at 25 °C by fitting
the Henderson-Hasselbalch equation in ProFit. Structure
calculations were performed using the program CNS™
using a standard simulated annealing protocol. Structure
representations were generated with MOLMOL.”!

Data deposition

The atomic coordinates of the ten lowest energy CNS
conformers of the foldon monomer have been deposited
in the RCSB Protein Data Bank (www.rcsb.org) under
PDB accession number 1UOP.
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5 [J Unpublished Results on Foldon

To characterise folding of the foldon domain in more detail, the concentration dependence of
the unfolding kinetics was investigated. In addition, equilibrium studies were performed,
using urea as a denaturant. The question was addressed whether equilibrium intermediates can

be detected, and additional data on the refolding intermediate and the A-state were obtained.

5.1 Urea-induced equilibrium transitions

In addition to the dependence of the foldon domain on GdmClI, as described in section 4, the
stability of the foldon domain was also investigated by urea-induced equilibrium transitions.
Fluorescence and circular dichroism signals were detected at 12, 5, and 1 uM foldon
monomer concentration. The data, as shown in Figure 5-1, can be fitted to a two-state
monomer- trimer equilibrium.

Single fits of the four data sets yielded comparable stabilities, so that the data was fit globally
as well. The global fit yields a free energy of unfolding of AG®(H,0)= 82.1+1.7kJ/
(mol monomer), which is comparable to the AG® (H,0) of 89.2+0.6 kJ/(mol monomer) found
for GdmCl-induced equilibrium transition of the foldon domain (section 4.1.). This value
applies to standard conditions of 1 M total monomer concentration. At typical physiological
protein concentrations around 5 pM the free energy corresponds to AG’ (H,0) = 27.3+0.6 kJ.
The change in free energy with GdmCl (meq=8AGO/8[deC1]) is 4.5 +£0.3 (kJ/mol) / M,

which is the value expected for a monomeric globular protein of the size of the folded trimer.
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The m¢q - value found for GdmCl is 10.4 (+0.2) (kJ/mol) / M (see section 4). The lower mcq -

value for urea reflects the weaker denaturing strength of urea compared to GdmCl.

F/ a.u.

[urea] / M
30
C
259
= 20 >
© : ©
= 151 =
10
5 uM *
5 B T T T T
0 2 4 6 8 10
[urea]l/ M [urea]l/ M
Figure 5-1

Urea- induced equilibrium transitions of the foldon domain, pH 7.1,
10 mM NaPi, 20°C. A:12 uM foldon monomer, CD at 228 nm, 0.5 cm
cuvette; B-D: fluorescence Aexc: 278 nm, Aem: 318 nm. B: 12 uM foldon
monomer, C: 5pM foldon monomer, D: 1 uM foldon monomer; A-D: The

straight line indicates the global fit to
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5.2 Test for equilibrium unfolding intermediate

The stability of the foldon is concentration dependent. At low protein concentrations, the
native state becomes less stable, and eventually an intermediate might become more stable
than N. The stability of a dimer depends to a lesser extent on the protein concentration, so that

an observed intermediate might well be dimeric or even a monomer.

To check whether foldon equilibrium unfolding is really two-state and if an intermediate is
populated in equilibrium, GdmCl-induced equilibrium transitions were measured at several
protein concentrations at several emission wavelengths. 318 nm and 340 nm were chosen as
the wavelength where the signal for N and U, respectively, can be best observed. The
isosbestic point of the fluorescence spectrum of N and U is around 356 nm. A change in
signal with GdmCI concentration at this wavelength should not occur if only N and U are
populated during equilibrium. A signal change at the isosbestic point thus indicates the
population of an equilibrium intermediate. As can be seen in Figure 5-2, an intermediate
seems to be populated at higher GAmCI concentrations at a protein concentration of 0.5 uM,
at 1 uM the intermediate is populated transiently in the transition region, and at protein
concentrations of 5 uM and higher, the intermediate seems to be stable also under native

conditions, but it disappears with increasing GdmCI concentrations.
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Figure 5-2

GdmCl- induced equilibrium transitions at different protein concen-
trations, monitored by fluorescence emission at the isosbestic point. A-D:
Aexc: 280 nm, pH 7.1, 20.0°C; left side (A, C, E, G): Aem: 357 nm, right
side (B, D, F): Aem: 355 nm.

As a consequence, an equilibrium transition measuring the whole fluorescence emission
spectrum at each GdmCI concentration was performed, as shown in Figure 5-3, at a protein

concentration of 1 pM.
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[GdmCI] /M

Figure 5-3

GdmCl- induced equilibrium transition of foldon at 1 uM protein
concentration. Monitored by fluorescence emission, A exc: 280 nm, pH 7.1,

20.0°C

The dataset was analysed using SVD analysis.''" "' A set of fluorescence emission spectra at
different GdmCI concentrations was measured and can be represented as an M X N matrix 4.
Each column represents the fluorescence spectrum at kK M GdmCI. According to SVD theory,
any matrix may be written as the product of three matrices:

A(S, k) =U(S, k)SVT

where U(S, k) is an M X N matrix of orthogonal columns, which form a complete set of basis
fluorescence curves. The fluorescence spectrum at any GdmCl concentration can be
represented as a linear superposition of U. S is a NXN diagonal matrix with non-negative
elements called the singular values. V'T is the transpose of an NX N orthogonal matrix V. Each
column of SVT contains the set of GdmCI - dependent linear superposition coefficients
corresponding to each basis function. Normally, there are some singular values that are so
close to zero so they can be neglected. The number of the singular values that are necessary
equals the number of species. The population of an intermediate becomes observable without

assuming a specific model to analyse the dataset.
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Figure 5-4
Weight of the different species obtained from SVD analysis.

In this case, only the first two values are significantly higher than the others, which represent
noise, as shown in Figure 5-4. The third column is only marginally larger than the other
values. This indicates that in equilibrium, at 1 uM protein concentration, only very small
amounts of intermediate are populated. A look at the basis functions SVD analysis attributes
to every species can also help to decide on the number of species needed to describe the
dataset. On Figure 5-5 one can see the elementary spectra obtained from SVD analysis. The
orange spectrum changes signs, but apart from that, the black and the orange spectrum,
corresponding to species 1 and 2, resemble the “real” fluorescence spectra or U and N,
especially when weighted (lower panel). From this dataset, it cannot be decided whether an
intermediate is really needed to describe equilibrium behaviour of 1 uM foldon. At such a low
protein concentration, the native protein is not very stable compared to the unfolded protein,

so that an intermediate might become populated to some extent.



Unpublished Results on Foldon

69

0.4

0.2

i1l ;l.
*\W i "ip
%

Ay ;IM

h i
““ w\?‘ﬁ ?W\ﬁ ~\!‘:'\!';‘K’é,'? —
Ik

"“ F'".\lwl

T T T T T T | T | T
340 360 380 400 420 440
wl/ nm

04
300 320

0.0

; \/

2

E

D -2.04

2

D

()

S

]

4.0-

T T
300 320

T T T T T T T "
340 360 380 400 420 440

wl/ nm

Figure 5-5

U vector from SVD analysis versus wavelength. Top: U directly from

SVD analysis, bottom: U weighted with S. These basis functions do not

correspond to the true fluorescence spectra. Black line: species 1, orange:

species 2, green: species 3,blue:species 4. Species 5-10 in grey.
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5.3 Concentration dependence of the unfolding kinetics

As folding of the trimeric foldon domain is concentration dependent, unfolding of foldon was
also analysed at several protein concentrations. Unfolding was initiated by rapid dilution
(stopped-flow mixing) of native protein into unfolding buffer to a final denaturant
concentration of 7.4 M GdmCl. In Figure 5-6 one can observe that unfolding seems to be
almost independent of the protein concentration. For clarity, only every second concentration

is plotted.

normed F

0.0

102 1071 109 101 102
t/ s

Figure 5-6
Concentration dependence of unfolding of the foldon domain. Stopped-
flow 1:11 mixing from 0 M to 7.4 M GdmCIl; A exc: 280 nm, A em: > 320 nm,
pH 7.1, 10 mM NaPi, 20°C. Protein concentration: yellow: 1 uM; red: 2 uM;

purple: 4 uM; blue: 6 uM; green: 8 uM; black: 10 uM. Traces are

normalised between 0 and 1.

As there is some variety in the region from 30 ms to 10 s, the traces were investigated more

closely.
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The traces could be fitted to the sum of three first order reactions. An example is shown in

Figure 5-7 for unfolding of SuM foldon.

0.8

rel. F./ a.u.

0.4+

0.2

Figure 5-7
Unfolding of the foldon domain at S pM protein concentration. A:
refolding trace and fit to the sum of three exponentials. A; = 0.116+0.027,
M= 10.5+0.618 55 Ay = 0.780+£0.618, A, = 0.197+£2.55-10° s™'; A; = 0.104
+0.031, Az= 1.132520.159 s™'; B: residuals. Stopped-flow 1:11 mixing from
0M to 7.4 M GAmCI; A exe: 280 nm, A em: > 320 nm, pH 7.1, 10 mM NaPi,
20°C.

In Figure 5.8, the dependence of the rate constants on protein concentration is shown, and also

the corresponding amplitudes.
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protein concentration / M

Concentration dependence of foldon unfolding. Stopped-flow 1:11 mixing

from 0 M to 7.4 M GdmCl; Aexe: 280 nm, Aem: > 320 nm, pH 7.1, 10 mM

NaPi, 20°C. The traces could be fitted to a sum of three exponentials: phase

1: filled circles; phase 2: open diamonds; phase 3: open circles. Top: the rate

constants (top panel) as well as the relative amplitudes (bottom panel) are

independent of the protein concentration. The relative amplitudes were

obtained by dividing the fitted amplitudes by the total amplitude (sum of the

fitted amplitudes).



Unpublished Results on Foldon 73

As can be seen in Figure 5-8, none of the three unfolding phases unfolding depend on the
protein concentration. This is expected for a decay from trimer to monomer. The two fast
phases tend to decrease with increasing protein concentration below 3 uM, but the scatter of
the data points is larger than this tendency. An analysis of the reaction order below 4 pM

yields values very close to unity for all three phases.

The three observed phases might originate from unfolding in several steps, via oligomeric
intermediates, such as:

N—1I;

L—-L+M

12_'M

Additionally, there might be some contributions from folding reactions, even though at 7.4 M

the equilibrium is strong on the side of the unfolded protein.

5.4 Starting values of refolding Kinetics

Major fluorescence changes take place in the dead-time of stopped-flow unfolding (see Fig.

3A in section Giithe er al.'*

). As explained in section 1.4, in order to understand the
processes that occur in the first milliseconds of foldon folding, the starting values of the

refolding kinetics depending on denaturant concentration can be analysed to determine the

stability of the intermediate.
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For the foldon domain, this experiment was performed at 1.1 uM monomer concentration,
Refolding was initiated by rapid dilution of 11 pM unfolded foldon in 5.5 M GdmCl to final
conditions of 0.5 M to 7.7 M GdmCl.

As can be seen Figure 5-9 A, the starting values of the refolding kinetics (®) do not form a
straight line in the low denaturant region, they rather resemble a transition. The amplitude of a
whole refolding trace is also small compared to the change of the fluorescence values of the
initial points at high and low denaturant concentration. The complete refolding trace could
only be resolved below 3.5M GdmCl, as kinetics became to slow at higher GdmCl
concentrations to be determined by stopped-flow measurements. Above 3 M GdmCIl, where
no refolding kinetics can be observed, initial and end points are identical and represent the
unfolded baseline of the corresponding equilibrium transition, which is shown in panel B. The
equilibrium transition is compared to the initial values (C), and a difference can hardly be
noticed, especially if the large scattering, that is best visible in the unfolded baseline above
3.5 M GdmCl, is taken into account.

Thus one can assume that the folding intermediate formed in the deadtime of stopped-flow
mixing is almost as stable as the native protein at 1 uM protein concentration, and that most

of the folding reaction takes place in the mixing deadtime.
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Figure 5-9
Initial values of refolding of the foldon
domain compared to equilibrium. A:
Initial values (O) for refolding kinetics at
1.1 uM  foldon monomer concentration.
Stopped flow, 320 nm filter. For refolding
faster than 200 s the endpoints (®) could also
be resolved. The dashed line indicates the
unfolded baseline, where the refolding signal
should start nothing would happen in the
burst phase. B: The corresponding
equilibrium transitions at 1.0 (e) and 1.2 uM
(¢)  protein  concentration (320 nm
fluorescence emission). C: An overlay of the
equilibrium transition (grey diamonds) with
the initial and end points (black circles) of
refolding kinetics. The initial and endpoints
were normalised so that the endpoints at low
urea concentrations correspond to the native
signal in equilibrium, and that the initial
points at high urea concentrations
superimpose with the unfolded baseline in
equilibrium. A C: Conditions: pH 7.1, 20°C,

10 mM NaPi, 1 egx¢: 280 nm
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5.5 Energy transfer in the low pH intermediate

The A-state was further characterised by fluorescence spectroscopy. An intersubunit salt
bridge between residues R15 and E5 connects two adjacent foldon subunits. At low pH, this
salt bridge is titrated. From the pH transition and tyrosine to tryptophan resonance energy
transfer measurements described section 7.5 it became evident that at pH 4 an intermediate is
populated. Additional measurements to investigate Tyr = Trp energy transfer shown in
Figure 5-10 demonstrated that also at pH 2 the foldon domain is in a compact structure, even

though the maximum of fluorescence emission is redshifted compared to the native state.
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Figure 5-10

Tyr = Trp energy transfer in the foldon domain. protein concentration:
3 uM, 20°C, 10 mM NaPi, Aexc: 280 nm (black) 295 nm (red). A: native
foldon at pH 7.1, Apax = 316 nm; B: at pH 4, Ayax = 317 nm; C: at pH 2, Apax
=337 nm; D: denatured in 7.8 M GdmCl at pH 7.1, Apax = 344 nm.
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5.6 Conclusion

Equilibrium unfolding at protein concentrations between 1 pM and 12 pM can be fit to a two-
state model, and yields the same free energy irrespective of the protein concentration, so the
data can be fit globally. From the global fit, similar stabilities for the foldon domain in urea
are obtained compared to GdmCl, as shown in Table 5.1. The change in solvent accessible
surface area upon unfolding, as reflected by the m., value, is larger for GdmCl than for urea,
as urea is a weaker denaturant. The values are similar to the ones expected for small

monomeric globular proteins the size of the foldon domain.

AG"(H0) AG(H,0) (kJ)
denaturant . Meq ((kJ/mol)/M)
(kJ/mol monomer) at SuM protein conc.
urea -82.1 £ 1.7 27.3 45+0.3
GdmCl -89.2+£0.6 29.7 10.4+0.2
Table 5-1

Equilibrium data of foldon. The results are obtained from a two- -state fit

according to equation 19, Materials and Methods.

In equilibrium, an intermediate seems to be populated at very low protein concentrations
around 1 pM. The data, however, can still be fitted to a two-state model. At 1 uM, the kinetic
intermediate in refolding is almost as stable as the native trimer, as the analysis of starting
values from refolding traces have shown. The pH 2 intermediate (A-state) is compact, and the

Tyr and Trp residues are close enough for Forster energy transfer to occur.
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6 Results on the Semliki Forest Virus Protease

Previously, Sanchez et al.'” investigated whether fast folding of SEVP is an intrinsic property
of this two-domain protein, or whether spontaneous folding is slower than translation and
requires additional catalysts. Around 60% of the proteins fold via a fast pathway with a time
constant of 50 ms at 0 M denaturant (A = 6.3 s at 0.9 M urea, amplitude = 71%). SFVP
contains seven prolyl residues, which are all trans in native state. Molecules with all prolyl
residues in trans in the unfolded state fold via the fast pathway. Three slower parallel folding
reactions correspond to cis/trans isomerisation reactions of Xaa-Pro and Xaa-non-Pro peptide
bonds. The rate constants for these at 0.9 M urea are 1.4 s (12%), which is compatible with
non-prolyl cis/trans isomerisation, and 0.17 s™ (4%), and 0.003 s™' (13%), for prolyl cis/trans
isomerisation. Unfolding is single-exponential, both domains seem to unfold in a concerted
manner. Interrupted refolding experiments showed a lag phase in the formation of native
molecules under these conditions. This indicates the population of an obligatory intermediate,
as well as the downward curvature in the chevron plot at low urea concentrations and the
presence of a fast phase with a very small amplitude at some low urea concentrations. The
major unfolding/refolding phase was fitted to a three-state model with a populated on-
pathway intermediate. Furthermore, the lag phase in the formation of native molecules, and a
rollover in the chevron plot implies that the two domains are probably formed sequentially.
The lag phase in the N-test and the lack of major signal in the fast phase can be explained as
the N-terminal domain does not contain a Trp residue and thus does not contribute to

tryptophan fluorescence.

In the following part, further experiments with the SFVP wild-type are described. To further

elucidate the folding mechanism of SFVP, especially the fast refolding phase probably
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originating from the on-pathway intermediate, a mutant of SFVP was investigated, where
phenylalanine 160 is replaced by a tryptophan residue to obtain fluorescence signal in the N-

terminal domain.

6.1 SFVP wild-type

In addition to the study of Sénchez et al.'”, who used urea as a denaturant, the effect of

GdmCl on the stability of SFVP was investigated.

6.1.1 Determining the ideal buffer

The buffer used by Sanchez et al.'” is 150 mM KCI, 0.1 mM EDTA, 20 mM HEPES at
pH 7.5, in order to be consistent with the data from A. Helenius and coworkers.”* EDTA is
essential, but KCI did not influence stability at all, regardless of the denaturant used, GdmClI
(see Figure 6-1 and Figure 6-2) or urea (Figure 6-3). HEPES has a rather high UV absorption,
but buffers very well, especially when mixing two GdmCl solution of different
concentrations, but same pH. 10 mM NaPi, on the other hand, does not buffer that well, so
that the buffer conditions for SFVP were not changed, but extra pure fluorescent grade

HEPES from FLUKA was used.
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6.1.2 Equilibrium stability of SFVP

102
used urea as a denaturant. Here, SFVP was

Previous experiments performed on SFVP
additionally characterised by GdmCl unfolding at 25°C, using Trp fluorescence as a probe. As
the native baseline was unexpectedly very steep, the population of an intermediate was
suspected, and the equilibrium unfolding experiment was repeated at 10°C to stabilise the
putative intermediate. At 10°C, the population of an intermediate can be observed. The data
can be fit to a three-state model, ((eq16) in Materials and methods section), albeit with a high

error as the baseline of the intermediate is not determined very well. At 25°C, a three-state fit

is only possible when the native baseline is fixed.
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Figure 6-1
GdmCl-induced equilibrium transition of SFVP wt at 10°C. A: data fit to
a three-state model, ((eq 16), Materials and Methods) B: data fit to a two-
state model (eq 15, Materials and Methods). 1 uM SFVP at pH 7.5, 20 mM
HEPES, 0.1 mM EDTA, with 150 mM KCI (®) w/o KCl (O); Aexc:

28042 nm, A em: 355+4 nm.
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Figure 6-1 shows the equilibrium transition at 10°C. As can be seen on panel A, the three-

state fit describes the dataset well, whereas the two-state fit (B) fails. The equilibrium stability
of the intermediate relative to the native sate at 10°C is AGyy < (H20) = 30+40 kJ/mol, with a
change in free energy with urea of mg,; = 50+770 (kJ/mol) / M, the stability of the unfolded
protein relative to the intermediate is AGp, (H0) = 24+91kJ/mol with mg,;, =
20460 (kJ/mol) /M. At 25°C, a two-state fit of the data yields an AG’(H,O) of
37.3+4.5 kJ/mol with m¢q = 32.9+3.9 (kJ/mol) / M, as shown in Figure 6-2. The free energy is

comparable to the AG’(H,0) = 32.3+0.9 kJ/mol obtained in urea by Sanchez et al.,'* but the

Meq 18 higher as GdmCl is a stronger denaturant than urea, meq(urea) = 9.2+0.9 (kJ/mol) / M.
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Figure 6-2
GdmCl-induced equilibrium transition of SFVP wt at 25°C. A: data fit to
a three-state model with fixed native baseline (eq 16). B: data fit to a two-
state model (eq 15). C: overlay of A and B, low denaturant region. 1 pM
SFVP at pH 7.5, 20 mM HEPES, 0.1 mM EDTA, with 150 mM KCIl (®)
w/0o KCI (0); Aexc: 28042 nm, A em: 35544 nm. The results are given in the

text.
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To test whether the SFVP preparation used behaved as described previously'”, an urea-

induced equilibrium transition was performed, as shown in Figure 6-3.
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Figure 6-3
Urea- induced equilibrium transition. Open diamonds: data from S&nchez
et al.'” for comparison. 1 pM SEVP at pH 7.5, 25°C, 20 mM HEPES,
0.1 mM EDTA, with 150 mM KCI (®, &) w/o KCI (O);Ahexc: 280+2 nm,

Aem: 35544 nm. The solid lines represent individual two-state fits to (eq 15).

Even though the native baseline of ® and O is very steep, a global two-state fit yielded a free
energy of AG(H,0) = 34.0+4.21 kJ/mol, and a change in free energy with urea (Meq =
OAG’/d[urea]) of 9.6 +£1.7 (kJ/mol) / M, which is, within error, identical to the result obtained
with a two-state fit of the data from Sanchez et al.'” AG’(H,0) = 32.4+3.3 kJ/mol, me, =

9.0 £0.9 (kJ/mol) / M.
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6.2 SFVP F160W

The folding mechanism of SFVP is shown in Figure 6-4. As can be seen, the N-terminal

domain folds first, followed by subsequent folding of the C-terminal domain.

Figure 6-4

Schematic representation of the folding mechanism of SFVP, taken from

Sanchez et al.'”

As the N-terminal domain does not contain a Trp residue as a fluorescent probe, a mutant was
designed ''> which contains an additional Trp residue, substituting Phe160. Equilibrium and
kinetic studies were performed with SFVP F160W, to gather information on the first folding
step of SFVP, the formation of the N-terminal domain.

The structure of the mutant protein has not been determined, but based on the crystal structure
of the wild-type protein, a homology model of the SFVPF160W was created with

SWISSMODEL!',
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Figure 6-5

Putative structure of SFVP F160W based on the wild-type crystal

11
13

structure. Ribbon representation of the homology model ~ created with

MOLMOL®, The three Trp residues in the C-terminal domain are
highlighted in pink, Trp 160 in the N-terminal domain is highlighted in

green.

6.2.1 Spectroscopic characterization

The mutant was characterised by fluorescence emission spectroscopy and by far UV circular
dichroism (CD). Fluorescence emission in the native state has a broad maximum at 335 nm.
In the unfolded state, the maximum is shifted to 350 nm. In the native state, emission is
quenched compared to the unfolded state, to about 60 % relative to the urea-unfolded state

and to about 40 % relative to the GdmCl-denatured state.
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Figure 6-6
Fluorescence and far UV CD spectra of SFVP F160W. A: Fluorescence
emission for Aexe = 280 nm.1 uM protein, native (black), in 8.5 M GdmCl
(blue) and in 6.6 M urea (red). B: far UV CD signal of the native protein

(138 uM, 0.1 mm cuvette) and the denatured protein (20 pM, Imm cuvette,
in 8.1 M urea). pH 7.5, 25°C, 0.1 mM EDTA, 20 mM HEPES, 150 mM KCIl.

Far UV CD signal for the native SFVP F160W shows a small maximum at 229 nm and a

pronounced minimum at 208 nm. The denatured spectrum is typical of a random coil state.
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6.2.2 Equilibrium studies of SFVP F160W

Urea and GdmCl dependence of SFVP F160W stability were investigated. Denaturant-
induced equilibrium transitions monitored by Trp fluorescence showed no sign of the
population of an intermediate. Both urea- and GdmCl-induced denaturation can be described

by a two state approximation.
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Figure 6-7

Denaturant-induced equilibrium studies of SFVP F160W. 20 mM
HEPES, 0.1 mM EDTA, 150 mM KCI, pH 7.5, 25°C, 1uM SFVP F160W.,
Mexc: 280nm, Aem: 355nm. A: GdmCl as denaturant, filled and open
circles are two different experiments, B: urea as a denaturant. The solid line

represents a two-state fit. The results are given in the text.



88 Results on SFVP

The free energy extrapolated to 0 M GdmCl is AG” (H,0) = 32.9+0.4 kJ, and the change in
free energy with GdmCl (m¢q = OAG"/3[GdAmC]]) is 27.5+0.3 (kJ/mol) / M. Within error, the
same free energy is obtained when using urea as a denaturant, AG’ (H,0) = 32.2+0.3 kJ/mol
with meq= 9.65+0.01 (kJ/mol) / M. The mutation F160W thus does not seem to have
influenced equilibrium stability of SFVP. For wild-type SFVP, a AGY(H,0) =
32.443.3 kJ/mol, meq = 9.0 0.9 (kJ/mol) / M in urea was obtained.'”® In GdmCl, the m,, at
25°C is 32.9+3.9 (kJ/mol) / M, (see 6.1.2), which is close to the value obtained for the mutant.
This also validates the assumption that mutant and wt SFVP share the same structure. A
comparison of the homology model and the wild-type structure (Figure 6-8) shows only

minor rearrangements in the helix due to the F160W mutation.

Figure 6-8

Comparison of the wild-type crystal structure and the homology model
of the mutant. Slight differences between the wt (cyan) and SFVP F160W
(green) can be observed at res. 160 and the neighbouring a-helix. Image

created with MOLMOL.%

The mutant should therefore be well suited to study the N-terminal domain, as it does not

disrupt the structure upon introducing a label.
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6.2.3 Kinetic studies of SFVP F160W

In order to further characterise the mutant SFVP, kinetic experiments were performed. The
urea dependence of unfolding and refolding was investigated using stopped-flow and manual

mixing techniques, monitored by Trp fluorescence.

6.2.3.1 [ | Urea- dependence of folding and unfolding Kinetics of SFVP F160W

Unfolding and refolding kinetics were measured between 0.5 and 7.5 M urea with stopped-
flow mixing at 25°C, pH 7 and 1 uM protein concentration. An example trace is shown in
Figure 6-9: refolding was initiated by rapid dilution to 0.9 M GdmCI. The trace could be
fitted to the sum of five exponentials. The rate constants and amplitudes are summarised in

Figure 6-9 and Table 6-1.
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Figure 6-9

Refolding of SFVP F160W at 0.9 M urea. A: red: stopped-flow refolding
trace; The solid black line indicates a fit to the sum of five first-order
reactions. The residuals are shown in B. A, = 0.0303+9.86:107; A\, =
1.02+£0.09 s-'; Ay = 0.302+£0.0114; hs = 6.04+0.25 s-'; Ay = 0.0428+0.0382;
A = 0.0362+0.0362 s-'; As= 0.0122+0.0857; hs = 2.68¢-3+0.0158 s-'; A; =
0.01835+0.0423; A; = 0.1310.297 s-'; Conditions: 20 mM HEPES, 0.1 mM
EDTA, 150 mM KCl, pH 7.5, 25°C, 1 uM SFVP F160W., Aexc: 280 nm,

Mexc: > 320 nm.

To describe unfolding and refolding traces, up to five exponentials were needed. The
dependence of the kinetics on the urea concentration, and a comparison to equilibrium data is

shown in Figure 6-10.
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Figure 6-10

Urea dependence of SFVP F160W folding. A: GdmCl dependence of
unfolding (circles) and refolding (diamonds). The solid line represents a fit
of the major unfolding/refolding phase to a three-state model with a
populated on-pathway intermediate. k; =13 s-', m; =-0.38, k.; =990 s-', m_,
=0.62, k, =4.0-10°s-', m, =0.026, k, =0.16s-', m, =0.30, Ky
=5.7-10° kJ/mol, m¢q =-2.2 (kJ/mol) / M. B: the corresponding amplitudes to
A are given in the same colour code: phase 1: red, phase 2: pink, phase 3:
blue, phase 4: green, phase 5: black, phase 6: pale blue. C: The Equilibrium
transition correlates with the kinetic data. the solid line represents a two-state
global fit with AG’(H,0) = -32.2 + 0.31kJ/mol and me = 9.65 =+
0.09 (kJ/mol) /M D: Starting points (black) and endpoints (red) from
unfolding (circles) and refolding (diamonds) traces. The complete amplitude
seems to be resolved. Conditions: 20 mM HEPES, 0.1 mM EDTA, 150 mM
KCl, pH 7.5, 25°C, 1uM SEFVP F160W., A exc: 280 nm, A exc: > 320 nm.
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The major refolding/unfolding phase contributes to about 70% of the complete fluorescence
change. In refolding, four to five phases can be observed. Apart from the major refolding
phase (blue diamonds), a fast phase (black diamonds) is detected. Three slower phases are
also present in refolding (pink, light blue and green diamonds). At low urea concentrations,
the main phase and the fast refolding phase (black) probably become very similar, which
results in a roll-over of the main phase. The very fast phase (red) present in unfolding and
refolding does not change with urea concentration, and could therefore be an artefact.
Compared to the wild-type protein, unfolding has also become more complex, three to four
unfolding phase are observed. Apart from the main refolding phase, there is an additional
slower and an additional faster phase. The slower phase is not an artefact, it was also observed
in manual mixing experiments, as shown in Figure 6-10 (blue circles).

The rate constants and amplitudes at 0.9 M urea are summarised in Table 6-1.

6.2.3.2 [ The fast phase of refolding

The fast phase at low urea concentrations was also investigated separately. To resolve the fast
phase better, native protein was unfolded only for a short time, before refolding to different
urea concentrations was initiated (interrupted unfolding setup®®, “double jumps™). The aim
was to unfold for such a short time that Xaa-prolyl bonds are still in their native
conformation, so that no slow cis/trans isomerisation reactions would take place.

As the mutant SFVP contains a Trp residue in the N-terminal domain that folds first, it was

expected to get a better signal for the fast phase in refolding compared to the wild-type

protein.
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Figure 6-11
Overlay of the unfolding and refolding kinetics with the data from
interrupted unfolding experiments. Data from single mixing experiments
is represented by red symbols, data obtained with interrupted unfolding is
shown in black. The open blue and green circles at 5.7 M urea are obtained
from a manual mixing unfolding experiment. Conditions: 20 mM HEPES,

0.1 mM EDTA, 150 mM KCI, pH 7.5, 25°C, 1uM SFVP F160W., Aexc:

280 nm, A exc: > 320 nm.

Due to the many refolding phases, the fast phase, however, could not be resolved better with

the interrupted unfolding setup.
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6.2.3.3 [/ pH dependence of unfolding

The pH dependence of unfolding was investigated to find conditions where unfolding is fast
enough for the stopped-flow double jump experiment described in section 6.2.3.2. Unfolding
was initiated by sixfold dilution to different pH and 5.4 M urea. The buffer conditions were
matched with the first step in the double jump experiment (unfolding). (See Materials and

Methods, 7.2.2).
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Figure 6-12
Unfolding of SFVP at pH 4.1, 5.4 M urea. The unfolding trace could be
fitted to the sum of two first order reactions. A; = -0.194+9.74-107, A,=14.4
+ 0.861s", A,;=-0.0377+7.78107, A,=1.900+0.921 s™'. Conditions: pH 4.1,
54 M urea, mM glycine, 0.1 mM EDTA, 150 mM KCI, 2.2 mM HEPES,
1 uM protein. A exc: 280 nm, A exc: > 320 nm.
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The traces could be fitted to the sum of two exponentials. An example trace is shown in
Figure 6-12. The observed rate constants and amplitudes obtained are: A; = -0.194+9.74-107,
M=14.4£0.861 s, A;=-0.0377+7.78-107, 1,=1.900+0.921 5!

A plot of the logarithm of all unfolding kinetics versus the different pH is shown in Figure
6-13. The two rate constants increase with decreasing pH. Below pH 2, the reaction is faster

than the mixing dead time of the stopped-flow experiment.
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Unfolding at pH 2 and 5.4 M urea is sufficiently fast for complete unfolding of SFVP F160W
within 50 ms, so that it provides ideal unfolding conditions for the first mixing step in the
double jump experiment. As unfolding is complete in such a short time, slow equilibration
processes in the unfolded state, such as cis/frans isomerisation, should not take place before
refolding is initiated. Thus only fast refolding processes should be observed with peptide

bonds still in the native conformation.
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6.3 Conclusion

The kinetics of the SFVP wild-type and the F160W mutant look very similar. To illustrate

this, in Figure 6-14 both chevrons are plotted together.
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Figure 6-14

Comparison of the denaturant dependence of folding kinetics of SFVP
and SFVP F160W. blue: SFVP wt, red: SFVP F160W chevron.
Corresponding rate constants share the same symbols. Conditions: 20 mM
HEPES, 0.1 mM EDTA, 150 mM KCI, pH 7.5, 25°C, 1uM SFVP F160W.,
Mexc: 280 nm, A exc: > 320 nm.

The wild-type protein unfolds in a single step, whereas three additional unfolding phases

could be detected for the mutant SFVP. By manual mixing unfolding measurements it was
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shown that the very slow additional unfolding phase of the mutant is not a stopped-flow
artefact. The other two additional unfolding phases are both faster than the main unfolding
phase also present in the wild-type protein.

A comparison of the refolding rate constants at 0.9 M urea is shown in Table 6.1.

SFVP F160W wt SFVP In wt, this phase is:
A (%) 7.69 +£32.3 119+1.3 compatible with non-prolyl
Ly(s")  1.02+0.09 1.4+03 cis/trans isomerisation
Az (%) 76.7+ 3.74 71.3£2.8 Main folding phase, all Pro
Liy(s')  6.04+0.25 6.3+0.2 residues in trans
A4 (%) 11.0+84.4 12.7+1.5 compatible with prolyl cis/trans
Ls (s 0.0362 + 0.036 0.033 £0.004 isomerisation
As (%) 4.57 £208 4.1 +£1.8 compatible with prolyl cis/trans
Ls(s") 0.131 +0.297 0.17£0.10 isomerisation

Table 6-1

Rate constants and amplitudes of SFVP and SFVP F160W folding at 0.9 M
urea. Wild-type data is taken from literature.'** pH 7.0, 25°C, 20 mM Hepes,
150 mM KCl, 0.1 mM EDTA

A two-state fit of the equilibrium data yields an AG’(H,0) of 37.3+4.5 kJ/mol with Meq =

32.9+3.9 (kJ/mol) / M,

As can be seen in Table 6.2, the equilibrium stability does not change much, either.



Results on SFVP

99

protein Denaturant AG"(H,0) (kJ/mol) Meq ((kJ/mol)/M)
SFVP F160W GdmCl -32.9+0.40 27.5+0.33
SFVP F160W urea -32.2+0.31 9.65 +0.09
SFVP wild-type ~ GdmCl -37.3+4.5 32.9+3.90
SFVP wild-type  Urea -32.4£3.29 9.03+0.91

Table 6-2

Equilibrium stability and m,, for SFVP wt and SFVP F160W. pH 7.0,
25°C, 20 mM Hepes, 150 mM KCI, 0.1 mM EDTA. Data fitted to a two-

state model. (eq 15 in Materials and Methods). wild-type data with urea is

taken from literature. '

This study has shown that SFVP and SFVP F160W have very similar thermodynamic and

kinetic properties. The fast refolding phase, speculated to originate from folding of the N-

terminal domain, could not be resolved in more detail with the new mutant.
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7  Materials and Methods

7.1 Protein synthesis and purification

7.1.1 Foldon

C,N-labelled foldon for NMR studies was expressed in BL21 in °C,"’N enriched M9
medium as described in section 4.2

Foldon for other experiments was synthesised using the standard protocol for Fmoc solid
phase peptide synthesis on a ABIMED economy peptide synthesiser EPS221 from Abimed,
Germany. The C-terminal amino acid Leu was precoupled to the resin (Tentagel S Leu Fmoc
from Rapp Polymere, Tiibingen, Germany), one reaction circle was used per residue (7 min
deprotection time, 25 min coupling time). Protected amino acids were purchased from IRIS
Biotech (Marktredwitz, Germany) and from Alexis Biochemicals, (USA), solvents and other
chemicals from Fluka (Switzerland). After HPLC purification on a C8 reverse phase
preparative column (Hibar, LiChrosorb®100 RP-8 from Merck, Darmstadt, Germany),
peptide fractions were lyophilised and stored at -20°C. Mass and purity of the product was

determined by nanospray mass spectroscopy and analytical HPLC.

7.1.2 SFVP

SFVP was expressed and purified by Manuel Morillas and Eva Zobeley in the group of R.
Glockshuber (ETH Ziirich), as described previously'**. Protein fractions solved in buffer were

stored at -20°C.
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7.2 Measurements

For all spectroscopic measurements, buffers were filtered and degased.

Standard conditions for foldon were 10 mM phosphate buffer at pH 7.1 and 20°C, unless
indicated otherwise. Protein concentration was determined by absorption measurement in 6 M
GdmCl.""* Foldon samples of different denaturant concentrations were prepared 10 h before
the first measurement to make sure equilibrium conditions prevail.

Standard conditions for SFVP were 150 mM KCI, 0.1 mM EDTA, 20 mM HEPES at pH 7.5
and 25°C, if not specified differently. For fluorescence experiments, a protein concentration
of 1 uM protein was used, determined by absorption at 280 nm in the native state. SFVP sand
SFVP F160W samples were prepared 30 min before measurement.

Salts used for buffers, as well as urea and ultra-pure fluorescence grade HEPES were from

Fluka (Switzerland), and Guanidinium chloride (grade a.a.) from NIGU Chemie, Germany.

7.2.1 Equilibrium measurements

Fluorescence spectra and equilibrium transitions were recorded on an Aminco Bowman 2
Spectrofluorimeter (SLM Aminco, USA). Emission spectra were recorded at 280 nm and
295 nm excitation. The scan rate for spectra was 1 nm/sec, excitation and emission slots as
well as the photo multiplier voltage were adjusted according to the strength of the
fluorescence signal.

CD spectra were accumulated eight times with a step size of 1 nm and a time constant of 1 sec
on a Aviv circular dichroism spectrometer (model 62ADS, Aviv, USA). Far UV spectra were

recorded in a 1 mm cell and in a 0.1 mm cell.
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7.2.2 Kinetic experiments

Kinetic traces were recorded with a stopped flow spectrometer (model SX.18MV, from
Applied Photophysics, Leatherhead, UK, equipped with a Hamamatsu R1104 photomultiplier
tube), as well as with a AB 2 fluorimeter after manual mixing.

Single mixing experiments with 1:10 dilution were performed with a stopped flow
spectrometer and by manual mixing. For manual mixing experiments, after 10 minutes,

shutters were closed repeatedly for several minutes to prevent photo bleaching.

For sequential mixing experiments, 36 uM SFVP F160W in 150 mM KCI, 13 mM HEPES, at
pH 7.5 was mixed in the first mixing step with 6.47 M urea, 12 mM glycine, 150 mM KCI,
0.1 mM EDTA, pH 2.98 to achieve unfolding conditions of pH 2.95, 5.39 M urea, 10 mM
glycine, 0.1 mM EDTA, 150 mM KCl, 2.2 mM HEPES, 6 uM protein. After unfolding for
500 ms, refolding to different urea concentrations between 0.9 and 4.4 M at pH 7.5 was
achieved by mixing with refolding buffer (pH 7.5, 23.56 mM HEPES, 0.1 mM EDTA,
150 mM KCl, 0.1 mM EDTA and different amounts of urea. This refolding reaction at final
conditions of pH 7.5, 20 mM HEPES, 150 mM KCl, 0.1 mM EDTA, 0.9 -4.4 M urea,
1.67 mM glycine was monitored by fluorescence emission above 320 nm, (excitation at

280 nm).
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7.3 Data analysis

The data was analysed using proFit (Quantum Soft, Ziirich, Switzerland) and Matlab (The
MathWorks, Natick, MA, USA).

NMR data was processed with NMRPipe'"” and analyzed with PIPP,''"® as described in
section 4.2.

Protein structure images were generated with MOLMOL® and MolScript.”’

7.4 Analysis of equilibrium unfolding curves

7.4.1 Two-state behaviour

For a chemical reaction

A<B

AG" is related to the equilibrium constant Keq

by Keq _ e—AGO/RT _ e—AHOIRT . e—ASO/R (eq 12)
AG" =-RTInK,, (eq 2)

. B”
with - {A} (eq 13)

The stability can be determined in denaturant-induced equilibrium transitions, where the
amount of native protein depends on the amount of a denaturant (Den). It has been found

experimentally that the stability depends linearly on the denaturant concentration:> '’

AG® = AG"(H,0) + m,, - [denaturant] (eq 14)
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The m., value reflects the dependence of the free energy of unfolding on the denaturant
concentration and was shown to correlate with the change in solvent-accessible surface area

upon unfolding."”> AG® and the m,, value can be obtained by plotting the different InK,, within

the transition region versus the denaturant concentration: From a linear extrapolation one
obtains AG’(H,0) at the intercept of the ordinate (where [Den] = 0), and the slope equals the
me, value. The denaturant dependence of protein stability can also be described in one step, as

described in (eq 15).

—(AG - m,, - [Den])

(Ny+m, - [Den])+ (U, +m,-[Den])-e
KL (eq 15)

f([Den)) = ~(AG - m,_-[Den])
1+e 1
RT

Ny and m, are the intercept and the slope of the native baseline, Uj and my of the unfolded

baseline. [Den] is the denaturant concentration.

7.4.2 Three state model for equilibrium unfolding

Fy([Den))+ F,([Den))- K, + F,([Den])-K,, - K,

f([Den]) = 1+Ky +Ky K, (eq 16)
with the native baseline:
Fx([Den]) = No+ my * [Den] (eq 16a)
the intermediate baseline:
Fi([Den]) = I+ my * [Den] (eq 16b)

and the unfolded baseline:
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Fy([Den]) = Up+ my * [Den] (eq 16¢)
as well as with the equilibrium between N and I, and I and U:

AGNI—m(,q‘NI ‘[Den]

K, =e kT (eq 17a)

AG jy=m g 1y -[Den]

K, =e kT (eq 17b)

Ny and m, are the intercept and the slope of the native baseline, /) and m; of the intermediate
baseline and U and my of the unfolded baseline. [Den] is the denaturant concentration. ey nr
and meq v are the m-values for the N-to-I transition and the I-to-U transition, respectively.
AGyy and AGyy are the free energies differences between the native and the intermediate state,

and between the unfolded and the intermediate state.

7.4.3 Analysis of two-state monomer-trimer equilibrium transitions

Section 9.4 describes the equilibrium behaviour of monomeric proteins, with only two states
populated in equilibrium. One of the protein investigated, the foldon domain, is trimeric.

Therefore, a monomer-trimer transition has to be considered:

3 U<N;
with K= E\]I j“g] (eq 18)

From combination of the monomer two-state approximation with the monomer - trimer
equilibrium the following function is obtained. The derivation is explained in detail by Krause

S (2001)'” and in Giithe et al.'*
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f([Den]) =

-AGy,0 +m,q[Den]

F,, ({Den)) = F,, ( Den) ~AGug +m[Der] o g
F, ([ Den) — X L Nile & -5[M0]+@+3e RT 'E[Mo]—\/ﬁ

3 [M 0]
(eq 19)
with the native baseline
Fx([Den]) = N+ my * [Den] (eq 19a)
and the unfolded baseline
Fu([Den]) = Up+ my * [Den] (eq 19b)
9 2 —AGHZ{, +ml,q[Den]
and D= (E) (M ] +e & (eq 19¢)

The midpoint [Den]; , of the transition, which is defined here as the point where the amount

of native proteins equals the amount of denatured protein, is given by

AG’wo + RT-In (0.75-[M,])
[Den] , = (eq 20)

12 =
mgq

where AG’(H,0) and me, are obtained from the fit. m,, reflects the sensitivity to denaturants

of AG’(H,0)
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7.5 Tyrosine = Tryptophan Energy Transfer

Forster energy transfer or fluorescence resonance energy transfer (FRET) describes the
photon free transfer of an initially excited donor to an acceptor, whose absorption spectrum
must overlap with the emission spectrum of the donor. As the transfer results from long-range
dipole-dipole interactions it depends on the orientation of donor and acceptor and on their
distance. The quantum yield and the overlap of the donor’s emission spectrum with the

acceptor’s absorption spectrum also contributes to the extent of energy transfer.

The rate of energy transfer kT is given by the following expression:

Q,x> (9000-1n10 ) 7 s
ky(r) = : | Fy(Me, (M)A dA 21
r(r) T,r6 128:r5NAn4 '{D( Jea(A) (eq 21)
. 1(R,\’
or simpler k.(r)=—|— (eq 22)
To\ T

where r is the distance between donor and acceptor, Qp the quantum yield of the donor, K
describes the relative orientation, tTp the life time of the donor in absence of the acceptor, Na
Avogadros number, n is the refractive index of the medium, Fp(A) is the corrected
fluorescence intensity of the donor in a wavelength range with the total intensity normalised
to 1, ea(M) is the extinction coefficient of the acceptor at the wavelength A. Ry is the Forster
distance, the distance where energy transfer is 50% efficient. Ry depends on the donor-
acceptor pair and is usually in the range of 10 A to 60 A."'® As can be seen from equation 22,
energy transfer depends on the overlap integral, the orientation of donor and acceptor and on

the wavelength. The efficiency of energy transfer, E, can be expressed as follows:

kT

@k (a2

which together with (eq 47) yields:
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(eq 24)

In proteins, efficient energy transfer is also possible. In most of the cases, energy is
transferred from tyrosine to tryptophan, but tryptophan— tryptophan and phenyl-
alanine — tryptophan energy transfer has also been observed. Ry for tyrosine— tryptophan
energy transfer, is between 9 A and 18 A. Usually the energy transfer takes place only in the
native protein, as the distance between donor and acceptor usually is larger than Ry in the
unfolded protein. The occurence of energy transfer is an indication that the protein is in a
compact state.

Tyrosine— tryptophan energy transfer can be tested quite easily by measuring emission
spectra at two different excitation wavelengths: at 280 nm, where Tyr as well as Trp absorb,
and at 295 nm, where only Trp absorbs light significantly. If energy is transferred from
tyrosine to tryptophan, then the contribution of tyrosine to the emission spectrum is not
visible and only the emission spectrum of tryptophan at is observed both excitation

wavelengths. If the spectra at the two wavelengths differ, then no energy transfer occurs.
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8 [J Summary

The mechanisms and speed limits of evolutionary optimised complex folding reactions were
investigated in this study. The two viral model proteins, foldon and SFVP, have evolved
under selective pressure for fast and efficient folding and association. The function of foldon,
the C-terminal domain of the trimeric phage T4 protein fibritin, is to support rapid folding and
association of fibritin. SFVP, a protease from the Semliki forest virus, has to cleave itself out
of a large polyprotein chain co-translationally during protein synthesis. This promotes the
biogenesis of the more C-terminal peptide segments in the viral polyprotein.

This work has revealed that even complex folding reactions like quaternary structure
formation in foldon and folding of the two-domain SFVP can occur very fast and efficiently

via on-path folding intermediates.

The kinetic and thermodynamic studies on the foldon domain provide the first detailed
information on a fast-folding trimeric protein. The foldon domain forms a B-propeller-like
structure. All folding and association steps seem to be optimized for rapid formation of a
stable trimer. At low protein concentration, the folding reaction shows apparent third-order
kinetics. From the compact monomeric intermediate formed within the first milliseconds, the
native trimer is formed in two consecutive association reactions with bimolecular rate
constants up to 6:10° M's. This is close to the fastest association reactions reported for
dimeric proteins. At low protein concentrations, an intermediate species is populated to a
small amount at equilibrium. This influences the unfolding kinetics only to a small extent, and
does not affect the equilibrium stability at all. With increasing protein concentrations folding
becomes independent of the protein concentration, indicating that a first-order folding step

from a partially folded trimer to the native protein becomes rate-limiting. The half-time of
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about 3 ms is comparable to fast-folding small single domain proteins. In contrast to small
monomeric proteins, however, intermediates become populated very fast, probably providing
suitable interfaces to assist trimerisation. Foldon is the first protein where these interfaces are
shown to be formed by [-hairpins. At pH 2, the trimer disintegrates into a monomeric A-state
with almost identical fluorescence properties as the monomeric folding intermediate. Thus an
equilibrium species very similar to the kinetic intermediate is accessible to NMR studies. The
A-state consists of a B-hairpin with the same hydrogen bond pattern as the native trimer, but
lacks structure in the N- and C- terminus. The hairpin forms within a few microseconds, and
its stability is comparable to designed hairpins in alcohol/water mixtures. With state-of-the-art
solution NMR techniques, in particular residual dipolar coupling measurements, new insights

on structural preferences in the unfolded and partially folded monomer states were gained.

SFVP folds 1000 times faster than any other two-domain protein investigated so far. Studies
with wild-type SFVP demonstrated that an intermediate is populated in GdmCl-induced
equilibrium transitions at 10°C. At 25°C, only two states are populated in GdmCI and in urea.
A mutant of SFVP containing an additional fluorescence probe in the N-terminal domain
(SFVP F160W) shows identical equilibrium behaviour and very similar folding and unfolding
kinetics. Additional unfolding phases besides the main phase also present in the wild-type
protein are observed: a slower one and a faster one. The fast folding phase probably originates
from the formation of the N-terminal domain. It is difficult to separate the fast and the main
folding phase at low urea concentrations, as the two rate constants become to similar. These
results provide further evidence for the folding model of SFVP, where an intermediate is
slowly formed from the unfolded state (t = 170 ms), and then rapidly converts to the native

protein (T = 37 ms), so that the intermediate is only populated to a small extent.
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