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Proteins fold from simple poly-amino acid chains to compact three-dimensional 

structures capable of performing diverse functions in our cells.  This disorder to order transition 

is both swift (~microseconds) and specific.  While energy landscape theory and kinetic theories 

of diffusion have enriched our understanding of the mechanism by which proteins fold, we are 

still searching for the answers to key questions.  What is the limiting speed for the folding 

process?  What events drive the folding process at these limiting speeds?  

Protein folding begins with the formation of a contact between any two points of the 

chain diffusing towards each other.  The rate of this event sets an upper limit to the overall 

folding rate.  We use laser-triggered nanosecond-resolved multi-wavelength transient absorbance 

spectroscopy to study contact formation in simple amino acid chains in aqueous solvents.  

Studying variation of diffusion rates with solvent viscosity and temperature identifies the events 

limiting the folding rate.  Small fast folding proteins are model systems to conduct such 

experiments, as their folding mimics the initial events in the protein folding process.  Our laser-

induced temperature-jump nanosecond- resolved fluorescence studies of the tryptophan zipper 

folding investigates the events that limit beta-hairpin formation in tryptophan zipper at various 

temperatures and solvent viscosities.  We observe a fast (~100 ns) relaxation and a slower (~ µs) 
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relaxation for the tryptophan zipper in our kinetic studies of TZ2 folding with varying time 

dependence at different temperatures and viscosities.  The presence of more than one relaxation 

confirms the existence of multiple folding pathways for TZ2.  They also open up the possibility 

of exploring these pathways in different regimes of solvent viscosity. 

We study the folding kinetics of the natively unfolded IA3 peptide coupled to its binding 

to the YPrA enzyme.  This interaction results in specific and potent inhibition of YPrA by IA3.  

Our laser-triggered temperature jump studies enable a better understanding of the mechanism by 

which IA3 inhibits YPrA .  The different folding kinetics of IA3 in the absence and presence of 

YPrA suggests a mechanism where IA3 first binds to YPrA, and then uses YPrA as a template to 

stabilize its folded state.  
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CHAPTER 1 
INTRODUCTION  

Introduction 

Proteins are vital in biological processes.  Protein function is derived from structure, which 

in turn is derived from sequence encoded by the cellular DNA.  The protein folding problem (1, 

2) is the process by which the freshly synthesized polymer chain of amino acids assembles itself 

into a compact functional form on biologically relevant timescales.  Current understanding of 

protein folding has benefited from advances in experimental methods for probing the protein 

folding reaction and theoretical approaches that simulate folding using simple physical models.  

This has led to a giant leap in understanding of the proteins with a well-defined fold.  The 

progress of similar research on intrinsically disordered proteins has been more recent. 

This dissertation focuses on the kinetics of sub-millisecond folding events in proteins, 

which includes binding induced folding of the intrinsically disordered peptide IA3.  We use time-

resolved spectroscopic techniques to monitor the rate-limiting events of the folding process such 

as intra-chain contact formation in simple polypeptide chains and turn formation in mini-proteins 

such as tryptophan zipper.  Our studies of the intrinsically disordered peptide IA3 follow its 

extremely rapid concerted folding and binding interaction with the protease YPrA. Before 

plunging headlong into a discussion of the details of the individual projects, this introductory 

chapter briefly reviews the major concepts in the protein folding literature relevant to our studies. 

Protein Structure 

Proteins are polymer chains of amino acids, which are characterized by a carboxylic acid 

group (-COOH), an amine group (-NH2) and another organic group (R) attached to the central 

carbon atom as shown in figure 1-1.  R could represent an aliphatic or aromatic carbon group.  

The L- and D-forms of the same amino acid are mirror symmetric: the hydrogen and R residue 
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on the alpha carbon exchange places in the two forms.  Genes can code for L-amino acids only, 

hence protein chains constitute L-amino acids (3).  

 

Figure 1-1: Representation of an amino acid with the L-steric form having the side residue R and 
hydrogen at the alpha carbon as shown above.   

The peptide bond between two amino acids is formed when the carboxyl group (- COOH) 

of one amino acid reacts with the amine group (-NH2) of the other by condensation.  The 

primary structure of proteins is the polymer chain of amino acid residues held together by 

peptide bonds.  This chain can rotate about the C-Cα and N-Cα bonds (ψ and φ bond angles 

respectively) to form helices, loops and sheets.  These loops, turns and helices are held together 

by hydrogen bonds and constitute the secondary structure of proteins.  Further linking of these 

secondary structural elements by hydrophobic interactions between hydrocarbon side chains, 

ionic salt bridges and disulphide linkages which extend the hierarchy of protein structure to 

tertiary and quaternary structure as shown in figure 1-2.   

Finding the Right Fold in Time 

The field of protein folding opened up with C. Anfinsen’s study on bovine ribonuclease 

(4, 5) demonstrating the ability of proteins to fold spontaneously and reproducibly.  He showed 

that the folding process was a conformational search for the peptide configuration with lowest 

free energy.  The sub-second timescales on which proteins complete this search suggests that this 

is not a random conformational search for the most stable conformation of the peptide.  Levinthal 

estimated that a protein with ~ 100 residues would take close to 1010 years to sample all 
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conformations available to it (Levinthal’s paradox).  To fold on biologically relevant timescales, 

the protein must then access a fraction of all available conformations by choosing a particular 

folding pathway.  Recent progress in strategies for simulation of protein folding by theoretical 

means has enabled a richer understanding of the mechanisms of protein folding.   

 

Figure 1.2: Schematic representation of the hierarchical nature of protein structure.  (Freely 
available illustrations from the public domain of the National Human Genome 
Research Institute.).  The primary structure is the string of amino acids held together 
by peptide bonds.  This structure is retained when a protein is unfolded.  Hydrogen 
bonds between amino acids lead to the formation of the elements of secondary 
structure such as helices, sheets and turns.  Interactions between side chains of 
residues (ionic linkages, hydrophobic interactions) contribute to the tertiary and 
quaternary structure of the protein.   
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Protein folding can be visualized as a chemical reaction with the unfolded and folded 

protein being initial and final states of the system.  The protein can thus be described as 

traversing a trajectory on a surface, which relates its energy to the co-ordinates of its constituent 

atoms in a particular conformation.  In recent times, it has been possible to explore this energy 

surface by simulating the trajectories of the atoms of a protein while folding in solvent.  

Equations of motion have been written for the atoms constituting a protein, and a variety of 

potentials used to describe the electrostatic, van der Waals and covalent interactions in a protein.  

Unlike simple chemical reactions where transition state energies differ by large enthalpies of 

binding interactions, the complex energy landscape of protein folding is made up of states that 

differ slightly in configurational entropy.  The initial state from which folding is initiated is 

heterogeneous and involves several structures that are accessible to a polypeptide chain.   

 

Figure 1-3: Schematic representation of energy landscape of protein folding, starting out with a 
broad range of possible initial folds that narrows down with the formation of 
stabilizing contacts between different parts of the polypeptide chain.  The depth of 
this funnel-like landscape (6, 7) is the free energy difference between unfolded and 
folded states.  

Energy  

Reaction  
Coordinates 



 

17 

The folding process then proceeds as a downhill search in which interactions that are 

‘native-like’ are more stabilizing than non-native like interactions.  A given molecule samples 

only a subset of all possible conformations accessible to it, owing to the statistical nature of the 

process, thus allowing for a more realistic folding time.  This picture of a folding funnel (6, 7, 8) 

has enabled us to understand several features of the folding reaction (figure 1-3). 

The concept of a funnel has been extended to protein binding, which is vital to the 

functioning of proteins.  The stable complex of two proteins lies at the bottom of the funnel.  It 

has been argued (9) that the more rugged the landscape near the bottom of the funnel, the more 

likely it is for the protein to be ‘flexible’ and make non-specific contacts during complex 

formation.  If the funnel has a narrow minimum, it would imply the higher likelihood of a rigidly 

structured protein that would interact with other proteins in a ‘lock-and-key’ scheme.  This 

suggests that structural rigidity is not a pre-requisite for specificity in bimolecular recognition, 

and that protein-protein associations can be possible with flexible proteins too.  

 

Figure 1-4: Schematic of fastest folding times for proteins measured in experiments based on a 
survey of literature (10, 11) for past decade 
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Rate Limit for Protein Folding  

Experiments on small proteins have shown folding times on the scale of microseconds (10) 

to milliseconds (figure 1-4).  Since folding involves compaction and contact formation events, 

the folding time is limited by the slowest of these events.  These events include the collapse of 

the polypeptide chain to form the first contact to form loops and turns.  Therefore, one can 

expect mini-proteins that fold into loops and turns to fold at this limiting speed.  Our studies of 

contact formation in small peptides and hairpin formation in the tryptophan zipper protein 

measure this limiting rate under different experimental conditions of temperature and solvent 

viscosity.   

We study fast folding proteins, so that we may understand what physically limits the rates 

of their folding.  This implies that we have to implement strategies to acquire kinetic data for 

protein folding with sub-microsecond resolution and then make a connection between the 

observed kinetics and simple physical models for protein folding.  

Diffusion Limits Rate of Protein Folding 

The unfolded state is the starting point of the protein folding process.  It is comparable to a 

‘random-coil’ like polymer chain that can sample a host of dynamic conformations.  The 

formation of numerous contacts between segments of this chain facilitates the compaction and 

eventual folding of the protein.  Intra-chain diffusion of these chain segments towards each other 

can thus be regarded as an elementary step in the folding reaction (12, 13).   

Polymer physics and diffusion-limited contact formation 

Theoretical studies of diffusion limited contact formation in proteins have gained from an 

understanding of cyclization reactions (14) in flexible polymers.  The unfolded state of a protein 

(15, 16) can be modeled by statistical mechanical models for polymers.  We have a simple 

picture of a multi-unit chain whose monomers are brought in proximity to each other by 
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diffusive motions in solvent.  Sometimes, these monomers are the termini of the chain and they 

form an external loop.  The other possibility is where contact-forming monomers form an 

internal loop with tails of monomers external to them (figure 1-5).  The lengths of the loops and 

tails can be specified in terms of the number of monomers constituting them, if all monomers 

have similar dimensions.  The space occupied by one monomer in a real chain is not accessible 

to another monomer, this volume being termed as ‘excluded volume’.  Excluded volume is not 

just a measure of the geometrical volume occupied by a monomer; it also includes volume taken 

up by interaction with solvent molecules or other monomers. Excluded volume causes the ends 

of a chain to be farther away (on average) than they would be, in the absence of excluded 

volume.  The dynamics of a real polymer chain diffusing in solvent depend on the mechanical 

properties of the polymer chain such as loop lengths, tail lengths and excluded volume.  

 

Figure 1-5: A chain of linked spheres in white with two spheres shown in black forming a loop. 
If these black spheres are at the ends, an external loop is formed.  Loops between 
non-terminal residues are termed internal loops 

Gaussian statistics and the dynamics of the unfolded protein 

A very simple model for the unfolded protein (17) is the freely jointed chain of amino acid 

monomers with flexible linkers, making all bond and torsion angles about the links equally 

probable.  This chain has no excluded volume and can execute a random walk in conformational 

TAILS 

Internal loops                External loops              
  

LOOP 
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space. The one-dimensional end-to-end distance vector R is calculated for a chain of n segments 

with uniform average bond length L (R max = n L) .   The mean value of this vector is zero when 

we average out equally probable bond angles.  The root mean square value however is a non-

zero. Assuming each chain conformation to be equally probable, the probability of the ends 

being at a distance between R and R + dR, is given by a Gaussian distribution of the form shown 

in Eq.1-1 .  

)2/3exp(
)3/2(

4)( 22
2/32

2

RR
R

dRRdRRP −=
π

π         [1-1] 

The equation holds true for a phantom chain where two units could occupy the same space. 

Incorporation of excluded volume effects would reduce the conformations available to the 

polymer, reducing the random walk to a self-avoiding walk.   

2

2 )()(
r

rPD
t
rP

∂
∂

=
∂

∂


                                                 [1-2] 

Diffusion equations can be used to study the time-evolution of the probability distribution 

of r, the distance between ends of a polymer and calculate the time τ  taken by the termini of the 

polypeptide to diffuse towards each other, initiating the folding process (14, 16, 17). 

Peq(r) is the equilibrium distribution of the fluctuating distances between points in the 

chain. Schulten, Schulten and Szabo (18) use a one-dimensional model for diffusion of polymer 

to estimate time of first contact, obtaining a result that has been successful in explaining the 

dynamics of several peptides with reasonably good accuracy.  This approach looks at the 

fluctuating end-to-end distance between the ends of the loop and tries to estimate the time taken 

for the ends to diffuse towards each other under the action of an entropic potential and make the 

first contact.  
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Figure 1-6: Statistical distribution of the conformations sampled by ends of a freely jointed 
polymer chain interacting via a simple entropic potential U(r) 

The model, referred to as SSS theory from now, assumes that the effective force field 

controlling intra-chain diffusion dynamics is given by the Eq.3-4. 

)(ln)( rPTkrU B−=                    [1-3] 

The average time of loop formation estimated in this fashion is shown in Eq.1-5 (18). 
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L
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xPxD

dxτ                                         [1-4] 

Here the contact radius a denotes separation between monomers forming contact and L is 

the contour length of the loop.  We make a connection between kinetics of contact formation τ 

and the equilibrium probability distribution P(r). In our studies,  the assumption that D is the 

diffusion constant of a monomer in solvent is valid as long as we measure the relative rates of 

contact formation for different loop lengths, rather than absolute rates. For a Gaussian n-segment 
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chain without any excluded volume interactions, the theory predicts that the rate of contact 

formation scales as n-3/2. 

Comparison of dynamics of internal and external loops 

We have looked so far at theoretical estimates of loop rates by the ends of a chain.  The 

more biologically relevant scenario is one where two points in the chain form an internal loop.  

Intuitively one would expect these loops to form slower than external loops due to the effect of 

dragging tails.  The additional residues to the loop also have an excluded volume that reduces the 

probability of loop formation between interior residues.  One study (19) on loop formation in 

three different scenarios; end-end, end-interior and interior loops reported distinct differences in 

statistical behavior, which was manifest by the different scaling dependence of probability 

distributions for the loops.  Doucet et al (20) have used a freely jointed chain model with hard 

sphere excluded volume interactions and applied SSS theory to the probability distribution for 

inter-residue distance. Increased suppression of contact formation rates are reported for loops of 

increasing length on adding tails.  This has been attributed to the increased interaction potential 

U(r) in loops with enhanced contour length and tails. The study of end-interior loops (figure 3-3) 

seems to indicate that tails on one end slow the rate of contact formation, but not to the same 

extent as a slowing down of contact formation rate by a tail on both ends.  

 This study enables predictions for experimental determination of contact formation rates 

in polypeptide chains. The rate of diffusion limited contact formation estimated in this fashion 

serves as an upper limit for the rate (18) at which a real polypeptide chain assembles itself (via 

multiple ‘native’-like contacts) into a structured protein.  Nanosecond-pulsed laser spectroscopy 

has enabled measurement of intra-chain diffusion in the protein cytochrome c (21).  This yields a 

time of 40 µs for diffusion-limited contact between the heme group, and a residue 50-60 amino 
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acids further along the polypeptide chain.  This rate has been extrapolated to 1 µs for contact 

formation between residues separated by 10 amino acids which represents the fastest intra-chain 

diffusion in short polypeptide chain segments.  More recent experimental studies of contact 

formation between diffusing segments of the poly-amino acid chain have studied energy transfer 

between photo-excited triplet states of residues (22, 23, 24)  in peptide chain.  We use this 

method of triplet-triplet energy transfer to estimate the rate of diffusion limited contact formation 

in polypeptide chains (chapter 5).  

Solvent Friction Effects on Protein Folding  

The folding reaction of most fast-folding proteins is well described by a two-state 

transition between the unfolded state and the folded state.  Since folding relies on the formation 

of multiple ‘native’ like contacts between segments of the polypeptide chain by diffusion, the 

rate of folding is controlled by the rate of diffusion across the energy barrier separating the two 

states.  Kramer’s theory of reaction rates (25) for a particle diffusing across a one-dimensional 

double well potential U(x) can be applied to this scenario (26) to estimate the escape of the 

particle.  According to this theory, the diffusive dynamics of the particle is coupled to thermal 

noise inherent in the system, making the particle’s reaction co-ordinate x and velocity stochastic 

in nature.  The Langevin equation of motion for the particle of mass M can be written as shown 

in Eq.1-1. 

)()(' txMxUxM ξγ +−−=                       [1-5] 

The term γ is the friction term that incorporates the damping effect of solvent interactions.  

The fluctuating force ξ(t) obeys the fluctuation-dissipation theorem.  For a strong friction term, 

the xM   can be neglected.  The potential U can be assumed as shown in figure 1-4 with an  



 

24 

angular frequency ω0 at initial state and ωb at top of barrier. 

 

Figure 1-7: Schematic representation of barrier crossing events in Kramers model shows a 
particle of mass M in a double welled potential described by U(x) with minima at x 
=A and x = C respectively.  The angular frequencies at initial state x=A and barrier 
x=B are ω0 and ωb respectively.   

  The escape rate for strong friction (large γ >> ωb) is determined from the probability 

density of particle crossing the barrier as (26) 

)/exp(
2

0 TkEk Bb
b −=+ πγ

ωω           [1-6] 

The energy of activation Eb = U(x = B) – U(x=A) is expressed in kJ/mole.  

The damping term γ could be friction due to solvent viscosity, which limits the bulk 

motion of the polypeptide chain in solvent.  The rate of protein folding would then scale 

inversely with solvent viscosity η.  Experimental measurements of protein folding kinetics have 

attempted to verify this dependence of folding rates on solvent viscosity ( η/1∝Fk ) by adding 

viscous co-solutes to buffers.  One problem with these studies is that the added co-solutes shift 

the stability of the folded state of the protein.  In studies where additional measures were taken to 
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reverse this shift in stability, the inverse of the folding rate was observed to scale with solvent 

viscosity in a linear fashion (27, 28, 29, 30).   

Since experimental studies cannot probe conditions of very low solvent viscosity (η  0 ), 

the kinetic results ( 1−
Fk ) can be extrapolated to zero solvent viscosity, to estimate the limiting rate 

of protein folding.  As η  0, the folding kinetics are dominated more by internal 

reconfiguration of polypeptide chain than by bulk diffusion of chain in solvent.  These 

interactions are weakly coupled to solvent and limit the folding rates.  Internal friction is used to 

describe the contribution of these interactions to the overall friction affecting the protein.  Early 

studies on polymer chains have indicated mechanisms by which a polymer chain can experience 

drag forces that do not arise from changes in solvent viscosity.  These include the potential 

energy barriers to backbone rotations, long-range interactions between residues and the 

accessibility of free volume in a non-continuum solvent.  

Internal Friction  

The internal friction of the protein retards the motion of protein segments (27) relative to 

each other, and plays a key role in protein dynamics at low solvent viscosities.  The 

consequences of internal friction have been interpreted in different ways by different models. 

Ansari’s study of folding kinetics of myoglobin (27) observed a finite folding rate at low solvent 

viscosity.  They used a modified Kramers model with an additional viscosity term σ in the 

reaction friction, as shown in equation 1-3.  

)/exp( TkEAk BaF −
+

=
ση

            [1-7] 

Applying this model to the data for myoglobin, they obtained σ ~ 4.1 ± 1.3 mPa s, 4× 

larger than the viscosity of water.  More recent attempts to fit experimental data for protein 
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folding to equation 1-3 (31, 32, 33, 34, 35) have not always provided conclusive evidence for a 

positive σ.  This has led to concerns that the interpretation of internal friction as a viscosity is 

flawed(28, 36).  Instead, the protein folding time can be viewed as the sum of two timescales, 

one of which is solvent-controlled while the other is dominated by the effects of internal friction 

(28, 29, 36, 37).  In equation 1-4, τS reflects the timescale of protein conformational dynamics 

affected by changes in solvent viscosity, while τint reflects the timescale of events that are 

insensitive to changes in solvent viscosity.  

int
1 ττ +≈−

SFk                            [1-8] 

The timescale of internal friction (~ 106/s) has been seen to be slower (28, 29) than that of 

simple diffusion of an ideal polypeptide chain (~ 100 ns).  It thus sets an upper limit to protein 

folding that differs from diffusion- limited rates for contact formation, hydrophobic collapse and 

similar bulk motions of the chain.  Internal friction has a notable influence on folding dynamics 

at low solvent viscosities for proteins folding at relatively high rates.  This also explains the 

apparent absence of internal friction effects in proteins that fold on slower millisecond timescales 

(37, 38).  

Theoretical studies can offer an insight into the events underlying the folding process at 

different conditions of solvent viscosity.  Simulations with lattice models (39) have shown the 

existence of multiple regimes for diffusional motion of peptides at different solvent viscosities.  

It has been shown that the folding times scale linearly with solvent viscosity in the region of high 

solvent viscosities, but at low viscosities the scale factor is not unity (40).  This suggests the 

weak coupling of folding dynamics to the solvent friction.  A recent simulation of folding 

dynamics for the protein BBA5 (41) has indicated a subtle shift in folding mechanism adopted 

by the protein at different conditions of solvent viscosity.  This study suggests that at low solvent 
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friction, the protein adopts a folding pathway characterized by fast long-range interactions.  

When solvent friction is large, short-range interactions are formed easily.  Both the solvent and 

the protein determine the actual folding mechanism, as protein folding is a polymeric diffusive 

reaction affected by extrinsic solvent diffusion and intrinsic chain diffusion.  This opens up the 

possibilities of observation of multiple pathways of folding for a protein by tweaking the solvent 

viscosity.  I study the effects of solvent friction on the multi-state folding of the tryptophan 

zipper TZ2 (discussed in chapter 4).   

Intrinsically Disordered Proteins 

In the past few decades, protein-folding research has largely focused on proteins with a 

well-defined structure.  An awareness of the existence of functional proteins that lack a well-

defined three-dimensional structure has come about only in the last two decades (42, 43, 44, 45), 

(46, 47, 48).  These proteins are termed as ‘natively unfolded’, ‘natively unstructured’, 

‘intrinsically disordered’ and ‘intrinsically unstructured’ in the literature.  The presence of a 

dynamic ensemble of conformations for the natively unfolded peptides poses a challenge to the 

sequence-structure-function paradigm (49), (50) in protein folding that asserts that a protein’s 

amino acid sequence codes for one specific conformation that determines the protein’s specific 

function.  

Disorder seems to confer several benefits to these proteins.  The flexibility of disordered 

proteins enables them to interact with multiple molecules at different sites with high specificity 

and low affinity (42, 44, 45, 48, 49, 51, 52), because of their ability to rearrange their 

conformation to interact with a specific target molecule.  Reduced steric constraints also enable 

faster association rates and easier dissociation by unzipping mechanisms (51).  They have larger 

surface areas of interaction than conventionally folded proteins (53), due to their ability to wrap 

up or surround their partner molecule.  They are also more tolerant of changes in pH and 
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temperature, which might cause destabilization of well-folded proteins (45).  Disordered regions 

are more amenable to regulation by molecules or proteins, which bind to them at specific sites.  

This is used for regulation of several signaling and degradation pathways (42, 49).  

Natively disordered proteins are involved in vital biological functions that include 

molecular recognition (51, 54), regulation of transcription and translation (42, 55, 56), assembly 

and proteolytic regulation (42, 52).  To perform these diverse functions, most disordered proteins 

have to bind to other proteins (50, 55, 57, 58), metal ions (59), (60) and radicals (61).  They also 

undergo a disorder to order transition on binding to their targets (62).  The exact mechanism of 

this concerted folding and binding is not very well understood.  While the structural features of 

these peptides prior to and after the coupled folding and binding interaction have been studied 

exhaustively (63), (58), few theoretical studies (64, 65), (66, 67) and fewer experimental 

strategies (68, 69) have focused on the hierarchy of events in this interaction.  This chapter 

reviews the literature on intrinsically disordered proteins and the handful of experiments focused 

on the coupled folding and binding interaction of intrinsically disordered proteins with their 

target molecules.  Finally, we shall introduce the intrinsically disordered peptide IA3 and its 

target molecule, the enzyme YPrA.  We have used temperature-jump triggered time-resolved 

fluorescence to monitor the binding-induced helix folding in the natively unfolded IA3.  We 

present the results and conclusions of our experimental studies in detail in the next chapter.  

Definition of ‘Disorder’ 

Order or structure in a protein is defined by the degrees of freedom available to the 

residues of the protein.  These degrees of freedom are characterized by the bond angles for the C-

C and C-N bonds and the atom positions that limit the conformations available to each residue. 

Intrinsically disordered proteins exhibit a dynamic ensemble of conformations (44)(46) available 

to each constituent residue under physiological conditions of pH and temperature.  The existence 
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of disorder is thus determined by the dynamical properties of the protein and not necessarily by 

the presence or absence of local secondary structure.  Disorder could be local e.g. a short region 

in a protein or global (full-length protein) (42).  

Characteristics of Intrinsically Disordered Proteins 

 Intrinsically disordered proteins (70), (71) have an amino acid composition that is 

different from that of their folded counterparts.  They are depleted in hydrophobic and aromatic 

residues (‘ordering’ residues), and enriched in charged hydrophilic (‘disorder promoting’) 

residues such as glutamine, glycine etc (71), (72).  A high (usually negative) charge and low 

hydrophobicity is a typical attribute of an intrinsically disordered protein (46), (44).   

The solvent exposed surface area for each residue in an intrinsically disordered protein is 

much larger than the solvent exposed area for residues in structured proteins.  This enables a 

larger surface area of interaction per residue (73).  The ratio of interacting surface area per 

residue to total surface area per residue is as high as 50% in intrinsically unstructured proteins 

(70), compared to only 5-15% in well-structured proteins.  This implies that intrinsically 

disordered proteins use a large portion of their surface area to interact with other proteins or 

molecules (74).  In comparison to ordered proteins, intrinsically unstructured proteins have more 

hydrophobic residues exposed to surface than buried within.  Their presence in exposed surface 

area of intrinsically disordered proteins indicates their role in interactions with their target 

proteins that ultimately stabilize the fold of the intrinsically disordered peptide (74), (73). 

To summarize, intrinsically disordered proteins can be distinguished from their structured 

counterparts by their larger interacting surfaces and interactions mediated by hydrophobic 

residues in interacting regions.  This suggests a unique mode of interaction where hydrophobic 

residues make contacts during binding that could promote stabilization of the protein core.   
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Functions of Intrinsically Disordered Proteins 

 Intrinsically disordered proteins are involved in several vital processes like bio-molecular 

recognition, regulation of transcription, translation, signaling pathways, and proteolysis (42, 54, 

57).  The absence of a rigid structure enables them to associate with multiple target molecules 

with high specificity and low affinity.  Their ease of interaction with their targets also leads to 

faster rates of interaction.   

Intrinsically disordered proteins are involved in nucleic acid recognition (48, 51, 52, 57), 

(75) and unwinding and bending of DNA.  Several transcriptional regulators like p300 and p27 

(42, 55) have domains that are completely unfolded and on binding to their targets, the binding 

stabilizes their tertiary structures.  The relative instability of intrinsically disordered proteins 

involved in transcriptional regulation and signaling enables a higher level of control through 

proteolytic degradation (42, 51).   

Post-translational modification of complexes of proteins is also easier with the ‘flexible’ 

disordered peptides (45, 54).  Simple biological switching is possible by covalent modification of 

binding of intrinsically disordered proteins with their targets.  Chemical modification of side 

chains requires a close association of target protein and modifying enzyme.  Steric hindrances 

affect the rate of this association if the side chain lies within a structured region.  A disordered 

region facilitates substrate binding with the side chain, as seen in several proteins with 

disordered regions undergoing acetylation, methylation, phosphorylation and glycosylation (51).  

The binding of intrinsically disordered regions or peptides with specific biological 

molecules regulates inhibition or activation of processes like degradation.  We study the 

inhibition of a protein-degrading enzyme in yeast, YPrA (76) by an intrinsically disordered IA3 

peptide in the same yeast cell.  Structural studies of the IA3-YPrA complex show that the N-

terminus of the IA3 peptide is folded into an alpha helix that occupies the active site of the 
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enzyme.  Since access to the enzyme’s active site is blocked for all potential substrate molecules, 

the enzyme activity is inhibited.   

Theoretical Studies of Coupled Folding and Binding 

  The functionality of intrinsically disordered proteins is linked to their coupled folding and 

binding interaction with their target proteins.  Some theoretical studies have employed energy 

landscape theory to model the association of a natively unfolded protein with another protein.   

One of the most cited models is this regard is the fly-casting model (65) proposed by 

Shoemaker et al, which suggests that an unstructured protein can make non-specific contacts 

with its target, which help stabilize the folded state of the unstructured peptide.  The unstructured 

protein is visualized as a fishing line cast out to explore its (figure 1-6) environment.  

 

Figure  1-8: Schematic illustration of fly-casting model, which shows the extended disordered 
peptide (in blue) with a larger reach and a better chance of initiating contact with the 
target biological molecule shown in brown.  The more compact peptide (in black) 
cannot explore its environment as fast as the disordered peptide can.  The model 
suggests that the disordered peptide binds to its target via long-range non-specific 
contacts that help stabilize its folded state. 

Target  
Bimolecule 
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It can diffuse through this space in a shorter time than a compact structured protein, 

enabling faster target recognition.  The initiation of binding by the formation of non-specific 

contacts could be an enhancement over binding in well-folded proteins by formation of specific 

contacts.   

Simulations of the coupled folding and binding interaction of p27 with cdk42 (64) have 

revealed the presence of transient bound intermediates that precede the folding of the natively 

unfolded p27.  A recent experiment on coupled folding and binding kinetics (68) in the 

intrinsically unstructured CREB peptide also suggests a fly-casting-like mode of interaction.  

Another model for coupled folding and binding is the model of conformational selection.  It 

suggests that an unstructured peptide folds first (77, 78), and then binds to its target by making 

specific contacts.  

An interesting comparison of binding in natively unfolded proteins with binding in well-

folded proteins suggests that the roughness of the folding landscape of the unstructured peptide 

may determine the binding mechanism adopted by it (79).  The free energy landscape for 

‘structured’ proteins showed two narrow minima in folding reaction co-ordinate with one 

entropic barrier between unbound and bound states.  This would imply the formation of specific 

contacts by a peptide with a well-defined fold, to stabilize its complex with its target (80) 

(conformational selection).  Unstructured proteins had an energy landscape characterized by a 

broad valley with several minima implying transient intermediates.  Promiscuous contacts made 

by the unstructured peptide with its target protein (fly-casting model) in these intermediates 

stabilize the fold of the unstructured peptide.  

Experiments on Coupled Folding and Binding in Natively Disordered Proteins 

Experimental studies of coupled folding and binding protein associations have usually 

focused on structural features of the interacting proteins prior to and after the reaction. We are 
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aware of a few experiments that characterize the mechanism of the interaction. Cofactor assisted 

folding of flavodoxin from Desulphuris sulphuricans in the presence of the FMN cofactor has 

been studied (81) in mixing experiments.  The folding of the flavodoxin protein proceeds via the 

fast formation of a bound intermediate followed by the slower conversion to the folded state. The 

authors of this study also reported a ten-fold acceleration in the folding rate due the binding 

interaction.  Recent studies (68) of the interaction of the unstructured pKID domain of the CREB 

protein with the KIX domain of CBP have shown that an encounter complex with non-specific 

contacts is formed prior to the folding of the unstructured domain.  Simulations in a later study 

(82) have reiterated these findings.  Studies of the disordered TC-1 peptide with Chibby protein 

(83) have revealed regions of high helical propensity in the TC-1 peptide that conformationally 

rearrange themselves prior to binding.  Another study on folding in intrinsically unstructured 

mutants of the SNase proteins (69) has revealed the preference of some mutants to fold prior to 

binding, and others to bind before folding.   

Intrinsically Disordered Peptide IA3 and the Yeast Aspartic Proteinase A (YPrA) 

We study the coupled folding and binding interaction of the intrinsically disordered 

peptide IA3 (PDB ID 1dpj) with the proteolytic enzyme, aspartic proteinase A or YPrA (PDB ID 

2jxr) in yeast.  The aspartic proteinase cleaves proteins and is localized to the cellular vesicles. 

The IA3 peptide is found in the cytoplasm of the same cell suggesting that it does not encounter 

the proteinase unless the vesicles containing YPrA are ruptured.  In the event of a vesicular 

rupture, the IA3 peptide binds to the proteinase at its active site.  This blocks access by any other 

substrate to the active site of the proteinase, thereby inhibiting the protease.  Thus, the disordered 

peptide IA3 effectively protects the cellular machinery from possible damage by the protease.  It 

is unique as an endogenous inhibitor (84) of an enzyme, i.e. the same cell that expresses the 

enzyme also expresses its inhibitor.  Pure IA3 is unstructured (85) in solution.  When bound to 
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YPrA, it is observed that the N-terminal residues of IA3 (76)are folded into an alpha helix.  One 

of the simplest questions one can ask about the YPrA-IA3 interaction is whether binding 

precedes folding or folding precedes binding.  In one simple scheme, a small subpopulation of 

IA3 that is already folded to a helix can bind to YPrA.  This drives the equilibrium towards the 

folded, bound state.  The other possibility is that free IA3 remains unfolded, but is able to make 

non-specific contacts with YPrA that facilitate the folding transition.  Our study of the folding 

kinetics of the intrinsically unstructured IA3 in the absence and presence of YPrA enables us to 

test these two scenarios.  

Intrinsically Disordered Peptide IA3 

 IA3 is a 7.7-kDa peptide of 68 amino acids found in the cytoplasm of the yeast cell 

Saccharomyces cerevisiae (84).  The amino acid sequence of wild-type IA3 shown in the figure 

4.2 (86, 87) shows 47 polar residues and 6 aromatic acids.  Pure IA3 is unstructured as evidenced 

by circular dichroism and nuclear magnetic resonance studies (85).  Crystallography studies of 

the complex of IA3 bound to YPrA (76), indicate that the N-terminus of IA3 (residues 2-32) is 

folded into an alpha helix, with the hydrophobic residues facing into the active site of the 

enzyme.  This alpha helix occupies the space in the active cleft of the protease.  

IA3 is very specific to YPrA (88, 89), to which it binds with sub-nanomolar binding 

affinity.  It does not inhibit other proteases that are structurally similar to YPrA.  In fact IA3 is 

cleaved by these other similar proteases.  Experiments with truncated versions of the wild-type 

IA3 show that the N-terminus alone is capable of inhibiting the protease with the same affinity as 

the wild-type IA3 peptide (89, 90).  While the N-terminus is vital to the inhibitory action, it is 

believed that the C-terminus also plays a role in the binding interaction of YPrA and IA3.  
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Yeast Aspartic Proteinase A (YPrA) 

Aspartic proteinases are enzymes characterized by a dyad of aspartic acid groups (91) that 

is necessary for protein digesting action or proteolysis.  Structural studies of these proteinases 

(87, 91, 92) show a molecule with predominant beta sheet content and right handed alpha helical 

segments that form two lobes, with the active site in the interface of the two lobes.  Each lobe 

contains an aspartic acid residue positioned close to the other aspartic acid in the other lobe and 

together they cleave substrate that is positioned inside the active cleft (92).  Most aspartic 

proteinases have a unique structural motif, termed the ‘flap’ and consisting of a beta hairpin loop 

extending over the active cleft and implicated in catalytic action.   

 

Figure 1-9: Complex of IA3 (red alpha helix) with YPrA (blue), with polysaccharide chain 
attached to Asn 266 and aspartic groups of Asp32 and Asp215 near the active site.  
Reproduced with permission from Yeast (2007), 24, 467-480 

The flap region (91) is the most flexible element of the structure and has been reported to 

move by as much as 8.7 Å among different crystals structures of the enzyme.  Superimposition 
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of crystal structures of free enzyme onto a crystal structure of enzyme-inhibitor complex shows 

important differences in the conformation of the flap, particularly the orientation of a tyrosine 

residue (Tyr75) that is conserved in all proteinases.  

YPrA is an aspartic proteinase that is synthesized as a 405 amino acid peptide in the 

ribosome of the yeast cell (Sachharomyces cerevisiae), as an inactive enzyme or zymogen.  This 

peptide is then shuttled to the acidic vesicles where it is activated after cleavage of a segment of 

the peptide.  The final mature peptide (42-kilo Dalton) has 329 amino acids (43% polar residues 

and 12% aromatic residues) and is localized to acidic vesicles.  Mature YPrA is glycosylated 

with sugars attached to certain amino acids (Asn67 and Asn266) (93, 94)  as in figure 1-7.  

We have surveyed the literature on intrinsically disordered peptides and seen several 

examples where biological function hinges on the association of proteins via a disorder to order 

transition.  This concerted folding and binding mechanism is observed for the IA3-YPrA binding 

interaction.  Prior studies have focused on the structure of IA3 in its free and folded forms.  The 

exact sequence of events that is responsible for YPrA inhibition is still not clearly understood.  

Our study of the kinetics of the IA3-YPrA interaction in chapter 3, addresses the simple question 

of whether binding precedes folding, or folding precedes binding.  We monitor the folding 

transition of IA3 in the absence and presence of YPrA, so that we may compare possible schemes 

for the IA3-YPrA interaction.  

Scope of This Dissertation 

I study fast dynamics of protein folding and binding using nanosecond time resolved 

spectroscopic methods such as absorption and fluorescence spectroscopy.  Three projects are 

presented in this dissertation 
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 (1)  Studies of coupled folding and binding interaction between the intrinsically disordered 

peptide IA3 and its binding partner YPrA:  These studies combine equilibrium circular dichroism 

and fluorescence spectroscopy with kinetic measurements using a temperature jump system.  

(2)  Studies of solvent viscosity dependence of folding kinetics of tryptophan zipper TZ2: 

These studies combine equilibrium circular dichroism and kinetic studies with temperature jump 

triggered time resolved fluorescence spectroscopy.  

(3) Time resolved transient absorption studies of contact formation in polypeptide chains 

to estimate the upper limit to protein folding  

Following this introductory chapter, I shall review experimental techniques used to 

monitor the protein folding reaction in chapter 2 with a focus on techniques capable of probing 

the sub-millisecond response of a protein to a thermal, chemical or optical perturbation.  

Subsequent chapters provide a detailed description of the different projects mentioned above.  

Chapter 3 provides a detailed description of our kinetic studies of the coupled folding and 

binding interaction between the protease YPrA and its intrinsically disordered inhibitor IA3.  I 

study solvent viscosity effects on beta hairpin formation in the tryptophan zipper, a mini-protein 

of twelve residues designed to form a beta hairpin, in chapter 4.  Studies of contact formation in 

polypeptide chains are discussed in detail in chapter 5.  The concluding chapter, Chapter 6 is a 

general summary of results and conclusions.  An appendix on methods of numerical analysis is 

provided to supplement the information on data analysis in all the projects.  
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CHAPTER 2 
EXPERIMENTAL STUDIES OF FAST FOLDING KINETICS 

Introduction 

Experiments on fast folding of proteins have contributed greatly to our knowledge of the 

early events (2, 10, 95, 96) in this process.  Advances in genetic engineering (10, 97, 98, 99, 100) 

have enabled expression of site-directed mutants with fluorescent probes of the folding 

transition.  The advent of pulsed lasers (101, 102, 103) has opened up the opportunity of probing 

events in the sub-microsecond timescale.  We study folding on sub-millisecond timescales (11, 

95, 101, 104, 105, 106) because the earliest events in the folding of small proteins, which set the 

pace for the entire folding process occur on these very timescales.  These processes could be the 

elementary steps (12, 23, 107) in the folding reaction such as loop formation (12), turn formation 

(108, 109, 110) and helix nucleation (107, 111).  

 

Figure 2-1: Schematic of two-state folding in a protein with a free energy difference ∆G between 
folded state F and unfolded state U 

Protein folding can be treated as a chemical reaction that proceeds from unfolded state to 

the folded state, after crossing an energy barrier as shown in figure 2-1 (112).  The folding of 
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many proteins can be treated as a two-state transition where the Gibbs free energy difference 

between unfolded state U and folded state F is ∆GF-U 

In addition, the rates of folding and unfolding are kF and kU respectively (113) 

                                              [2-1] 

The equilibrium constant for the folding reaction KUF is given by       
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The solution for this differential equation is a single exponential with relaxation rate λ.  

For a known free energy of unfolding ∆G and observed relaxation rate λ, the folding and 

unfolding rates (kF, kU) can be determined.  Experiments designed to determine λ usually employ 

chemical, optical or thermal means to destabilize the protein from its folded state, and then probe 

its relaxation back to equilibrium.  We shall first review the commonly used probes of 

conformational change in proteins and then review commonly used techniques to trigger 

conformational change of the protein. 

Probes of Conformational Change in Proteins  

When electromagnetic radiation is incident on a sample, the properties of the radiation that 

emerge from the sample can provide structural information about the sample.  The simplest 

measurable property is the fraction of excitation absorbed (optical absorption).  Radiation 

emitted by a sample at wavelengths other than the excitation wavelength can also be monitored 

(i.e. fluorescence, phosphorescence and Raman scattering).  Circular dichroism is the 

phenomenon of differential absorption of left and right circularly polarized light by chiral 

molecules.  We use circular dichroism spectroscopy to determine the secondary structure content 

of the IA3 peptide and tryptophan zipper in different solvent conditions, and time-resolved 

fluorescence spectroscopy to measure the folding kinetics of these proteins.  

Fluorescence and Triplet Absorption Spectroscopy 

A qualitative study of these techniques would require a quantum mechanical description of 

the electronic states of the molecules in the sample before and after their interaction with the 

radiation (114).  If we assume two states a and b described by the wave-functions ψa and ψb, 

respectively, the intensity of emission or absorption associated with a transition between these 

two states depends on the transition dipole moment defined by ab ψµψ ~  and the magnitude of 
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the incident electric field that induces an electric dipole moment µ in the sample.  The energy 

gap and subsequently the wavelength of maximal absorption between these two states is a 

consequence (114) of this interaction between electric field of incident light and sample.  

Different electronic transitions in proteins and polypeptides (115) give rise to their unique 

absorption spectra.  A transition from the ground state to the excited π state (ππ*) occurs in 

the long-wave region while the presence of heteroatoms such as nitrogen, oxygen or sulphur 

enables nσ* and nπ* transitions.  The delocalization of pi electrons also results in a unique 

spectral response.  

 

Figure 2-2: Jablonski diagram showing the interaction of light with a sample and the different 
possible pathways for de-excitation.  Absorption of light (red arrow) causes excitation 
of molecule (optical probe) to excited electronic singlet state S2.  It could relax back 
to electronic ground state S0 by fluorescent emission (blue arrow at right).  An 
intersystem crossing (pink dashed arrow) causes excitation of triplet state, which 
could relax back to ground state by phosphorescent (blue arrow at left) emission. 

Figure 2-2 illustrates the several possible de-excitation pathways available to a molecule 

after photo-excitation.  The excited state can relax back to the ground state by fluorescence on 

nanosecond timescales, or it can be excited to a different spin state, the triplet state from which it 

can relax back by phosphorescence on µs-ms timescales.  The fraction of excited singlet states 

that relax by fluorescence (116) is termed as fluorescence yield ϕF.  Similarly, the fraction of 
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excited singlet states that are converted to excited triplet states is termed triplet yield ϕT.  The 

violation of spin conservation principles in the singlet-triplet conversion results in a low 

probability of phosphorescent emission, and thus low phosphorescence intensity and a long 

triplet relaxation lifetime (115).  De-excitation of these excited states occurs by an electron -

transfer mechanism after diffusion-limited collision with oxygen triplet and other quenchers in 

solvent.  The triplet state lifetime of a molecule can be employed as a sensitive and specific 

probe of collisional quenching.  We employ this strategy in our measurements of contact 

formation in polypeptides (chapter 3).  

 
 
Figure 2-3: Effects of solvent exposure on fluorescence of free tryptophan are illustrated for 

various solvent conditions. TFE or 2, 2 ,2, trifluoroethanol as a solvent is less polar 
than water. Increased amounts of TFE in the environment of tryptophan cause an 
increase in fluorescence intensity and a small blue shift in the peak wavelength of 
tryptophan emission.  

 The emission spectrum of these excited states is also affected by exposure to solvent.  

Electric dipole interaction with solvent molecules affects the dipole strength and thus the energy 

difference between excited and ground states.  The fluorescent emission spectrum intensity and 

peak wavelength are altered, making fluorescence a good probe of solvent exposure (116) during 

folding of proteins (figure 2-3).   
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Energy Transfer between Fluorescent Molecules 

A pair of natural or synthetic fluorophores tagged to a protein can exchange energy through a 

coupled electric dipole-electric dipole interaction (117).  This transfer is termed as fluorescent  

resonant energy transfer or FRET and is a non-radiative transfer of energy.  

 

 

 

  

 

 

 

 

 

 

 

 

Figure 2-4: Energy transfer between two fluorophores tryptophan and dansyl attached to N2W-
K16C-dansyl IA3 peptide increases as distance between them decreases due to folding 
of peptide.  This is evident from reducing fluorescence emission at 350 nm (donor) 
and increasing fluorescence emission at 495 nm (acceptor).  The spectra are acquired 
at room temperature for peptide in different concentrations of helix-promoting co-
solvent TFE. The inset shows the orientation of acceptor and donor dipoles µA, µD 
respectively with respect to distance vector between them (θD, θA) and the planes 
containing the dipoles (φ) 

The induced electric dipole moments in donor molecule D and acceptor molecule A are µD 

and µA respectively.  V gives the dipole-dipole interaction between donor and acceptor and the 

rate of energy transfer k FRET is proportional to the expression in Eq 2-5A.  The factor κ2 contains 
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all the effects of orientation of donor and acceptor molecules on dipole strengths and cannot be 

measured directly.  Figure 2-4 (inset) illustrates the acceptor dipole and donor dipole oriented 

along planes, which have an angular separation φ.  The donor makes an angle θD with the 

distance vector r between donor and acceptor, while acceptor makes an angle θA with the same.  

From equation 2-5A, we can see that κ2 can take a value from zero to four.  Uncertainties in the 

value of κ2 are a major source of error in R0 and the distances estimated from FRET.  
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The efficiency of this energy transfer E varies inversely with the sixth power of distance R 

between the fluorophores (116, 117) as shown in Eq 2-5B and Eq 2-6.  
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Donor relaxation in the absence of acceptor is given by τD. R0 is the distance between the 

fluorophores that corresponds to an energy transfer efficiency of 50%.  It is defined in terms of 

the fluorescence yield of donor Dφ , refractive index n, integral of overlap of donor absorption 

spectrum and acceptor emission spectrum and the orientation factor κ2.   

The efficiency of energy transfer can also be estimated from a measurement of donor 

fluorescence intensity at peak emission wavelength in the absence and presence of the acceptor 
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species.  As donor and acceptor come closer and the efficiency of energy transfer increases, the 

intensity of donor fluorescence falls and acceptor fluorescence rises.  Conversely, an increase in 

the distance between them will be evident by an increase in donor emission and a decrease in 

acceptor emission intensities (Figure 2-4).  

I use tryptophan as a FRET donor and (1, 5-IAEDANS) dansyl as FRET acceptor in our 

studies of folding kinetics of the intrinsically unstructured peptide IA3.  The Forster constant R0 

constant for the tryptophan-dansyl pair is 2.2 nm (116), while the Cα- Cα separation between the 

fluorophores in the mutant IA3 peptide (N2WK16C-dansyl IA3) is 2.03 nm.  

  

Figure 2-5: Schematic representation of design of IA3 mutants with FRET donor tryptophan and 
acceptor dansyl in the N-terminus at positions 2 and 16.  As the N-terminus folds, the 
FRET labels come closer, enhancing the efficiency of energy transfer.  Conversely, 
the labels move apart as the peptide unfolds, say after a temperature-jump.  This 
causes energy transfer efficiency to drop.  Fluorescence spectroscopy can be used to 
monitor the variation in donor and acceptor fluorescence intensities during the folding 
transition. 

Tryptophan has a fluorescence emission peak at 350 nm, while dansyl emits at a peak 

wavelength of 500 nm.  As they come closer, the increased energy transfer causes a drop in 

tryptophan emission at 350 nm and a rise in the dansyl emission at 500 nm as seen in Figure 2-4.  

Conversely, as the peptide unfolds, the distance between the residues is increased, decreasing the 

efficiency of energy transfer.  This is visible in the increased emission of the donor molecule 

(tryptophan) and reduced emission of acceptor (dansyl).   
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To study the binding interaction of IA3 with YPrA, we used an acceptor only tagged IA3 

mutant peptide (K16C-dansyl IA3), as the YPrA has four naturally occurring tryptophan residues 

near the IA3 binding site (118).  In the crystal structure of the IA3-YPrA complex, three of the 

tryptophan residues (W39, W190 and W241) are within the Förster distance of residue 16 of IA3 

peptide.  Residue W181 lies at a distance of 2.8 nm away (Figure 2-6).  

 

Figure 2-6: View of the inhibition complex of YPrA (blue) with IA3 (gray) based on crystal 
structure data (76).  The N-terminal residues form a helix, with cysteine of K16C 
mutant shown in orange.  The tryptophan residues of YPrA near the active site are 
shown in red.  

Collection of Fluorescence Spectra  

All equilibrium fluorescence data for our experiments are acquired on a JASCO FP-750 

spectropolarimeter.  Lyophilized protein is dissolved in 50 mM sodium phosphate (pH 7.0) to 

make a buffered solution with ~ 15-20 µM protein.  This solution is taken in a cell with an 

optical path length of 10 mm. Fluorescence spectra are acquired over wavelengths 260-500 nm 

after excitation by light of wavelength of 266 nm. Sample temperature can be controlled to a 
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precision of ± 0.1oC with the use of a circulating water bath (Neslab).  All samples are sealed to 

eliminate evaporation loss and stirred continuously during data acquisition.   

Circular Dichroism Spectroscopy  

We understand fluorescence in terms of the electric effects of light incident on the sample.  

The effects of the magnetic field of the incident light wave are negligibly small in such cases.  

There are molecules in which magnetic effects due to the oscillating magnetic field of the 

incident radiation (114) induces a substantial magnetic dipole m.  Both the electric dipole µ and 

magnetic dipole m act on the wave functions representing the electronic states giving rise to the 

phenomenon of optical activity.  Circular dichroism is one manifestation of optical activity.  

 Circular dichroism (CD) is the phenomenon of differential absorbance of left and right 

circularly polarized light by an optically active sample.  If a beam of light is incident on a sample 

that absorbs right and left circularly polarized light equally, there is no effect on the polarization 

state of the transmitted light.  When the left and right circularly polarized light waves are 

differentially absorbed however, an elliptical polarized light wave is obtained.  Therefore, CD 

measurements are measurements of the ellipticity of resultant polarized light.  The minor and 

major axes of the ellipse traced by the resultant light wave (electric field vector E


 with 

subscripts L and R for left and right circular polarization) depend on  the extinction coefficients 

for left and right circularly polarized light εL and εR respectively, as in Equation. 2-7.  The 

intensity of the left and right polarized light is proportional to the magnitude of the 

corresponding electric field vector as shown in equation 2-7. The intensity of signal after 

differential absorption can be estimated from the extinction coefficients for the left and right 

circularly polarized light , protein concentration C and  optical path length l respectively.  Values 
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for CD for peptides are also reported in terms of molar ellipticity and molar ellipticity per 

residue.   
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  The circular dichroism signal of an isolated optically active molecule is not usually very 

informative about structure.  The CD signal of a group of such molecules in a macromolecule is 

enriched by the contributions of electric dipole -magnetic dipole coupling and an exciton 

coupling.  The exciton coupling (ππ*) dominates the CD spectrum and has a value that 

depends on distance between the monomers and their respective orientation.   

Proteins typically absorb light only in the ultra-violet wavelength range (λ < 300 nm).  The 

chemical groups that dominate the observed spectra for proteins are peptide bonds, amino acid 

side chains and groups such as heme (114, 115) etc.  The peptide group contains a delocalized π-

electron cloud that extends over the peptide nitrogen, carbon and oxygen.  The ππ* transition 

is the most easily observable transition at 190nm, followed by an   n  π* transition at 210-220 

nm.  The amino acids that contribute maximally to absorption spectra of peptides are tryptophan, 

tyrosine and phenylalanine (115).  The ‘handedness’ of alpha helices and beta-turns enables 

circular dichroism studies of protein secondary structure in the wavelength 170-260 nm and 

tertiary structure near-UV circular dichroism signal (260-330 nm) (112).  Alpha helices have a 

characteristic signal at 208 nm and 220 nm, while beta turns have a characteristic CD signal at 

212 nm.  Changes in temperature or chemical environment alter the CD spectrum, making it an 

excellent probe of changes in secondary structure.   
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Figure 2-7: CD spectrum of alpha helical peptide IA3 thermally denatured to random-coil in 
subplot A shows isodichroic point at 202 nm, implying a two state folding transition.  
Panel B is the CD spectrum monitoring the thermal denaturation of beta-hairpin 
forming mini-protein tryptophan zipper.  A large CD signal is seen at 227 nm due to 
exciton splitting.  As temperature increases, the exciton splitting is reduced as are the 
intensities of peaks at 215 nm and 227 nm.  

I study the helix-coil transition in the intrinsically unstructured IA3 peptide at various 

temperatures and concentrations of 2, 2, 2-trifluoroethanol or TFE (a helix promoter discussed in 

chapter 3).  Figure 2-7A shows the loss of helical structure content with increased temperature.  I 

also use circular dichroism to investigate the effects of ethylene glycol and temperature on the 

beta hairpin folding transition of the tryptophan zipper protein TZ2.  Figure 2-7B shows an 

exciton peak at 227 nm and minimum at 215 nm, which indicates a splitting of exciton levels due 

to interaction between the pi-electron clouds of the tryptophan residues holding together the 

tryptophan zipper.  The intensity of the exciton peaks is reduced with increased temperature, as 
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TZ2 unfolds.  The CD curves for the thermal transition of IA3 and TZ2 intersect at a single 

wavelength, termed as isodichroic wavelength.  The presence of an isodichroic point is indicative 

of a two-state folding transition in proteins.  

Collection of CD spectra 

Spectra were collected on an AVIV-202 CD spectropolarimeter at wavelengths 195-240 

nm in a 1cm path length cell over temperatures 5-85oC (5oC increments).  A reference spectrum 

(solvent) was subtracted from each sample spectrum as a background correction.  Equilibrium 

far-UV circular dichroism (CD) spectra were collected for all IA3 peptides at ~ 15 µM 

concentration in 50 mM pH 7.0 phosphate buffer and 0-25% TFE v/v (increments of 5% TFE 

v/v).  I acquire circular dichroism data for 32 µM TZ2 in 50 mM pH 7.0 phosphate buffer with 

varying concentrations of ethylene glycol (percentage by weight) from 0-50% in increments of 

12.5% by weight over temperatures 5-95oC and wavelengths 200-260 nm.   

 Tryptophan Photo-physics 

The projects discussed in this dissertation focus on studies of peptides that have tryptophan 

as a probe of conformational change during the folding transition of the peptide under different 

experimental conditions.  We briefly review the properties of tryptophan that make it an 

excellent spectroscopic probe for our experiments.   

The side chain of the amino acid tryptophan is an indole molecule with a substitution at the 

third carbon atom as shown in figure 2-8.  It has ten π electrons delocalized about the aromatic 

groups, and a nitrogen atom that contribute to a complex absorption spectrum.  A peak at 280 nm 

with a wing at 271-273 nm (115) characterizes its absorption spectrum.  The fluorescence 

spectrum is broad, featureless and centered around 348-350 nm.  The fluorescence quantum yield 
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is only 0.20 and is affected by intra-molecular and inter-molecular quenching by other side 

groups in the tryptophan molecule.  

 

Figure 2-8: Tryptophan structure shows the indole ring with substitution at carbon 3, with carbon 
atoms in green, nitrogen atoms in blue, oxygen atoms in red and hydrogen atoms in 
white.   

Tryptophan Fluorescence 

Tryptophan fluorescence is very sensitive to the environment of its side chain (114, 115, 

116).  The delocalized pi-electron cloud of tryptophan is rich in electrons and forms hydrogen 

bonds with solvent molecules that can donate a proton.  A change of solvent polarity alters the 

strength of these bonds, leading to a blue shift of peak wavelength in less polar solvents (figure 

2-3) and a red shift in more polar solvents.  Fluorescence intensity of tryptophan is also affected 

by quenching due to solvent exposure.  These specific features of tryptophan fluorescence are 

used to probe conformational changes in proteins, e.g. unfolding of protein can expose 

tryptophan residues in the interior to solvent, reducing their emission intensity as well as causing 

a shift in peak wavelength (119).  The tryptophan molecule can exchange energy with other 
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fluorophores such as dansyl and fluorescein by a distance-dependent dipole-dipole interaction.  

The efficiency of this energy transfer can be measured by measurements of donor and acceptor 

fluorescence intensity over time.  We use it as a FRET donor with dansyl as the acceptor in our 

kinetic studies of the coupled folding and binding interaction between IA3 and YPrA.  

Tryptophan Triplet Relaxation 

Tryptophan can be excited to a triplet state (ϕT = 0.27), which has an absorption maximum 

at 456 nm (120, 121, 122).  This transition from excited singlet to excited triplet state is 

characterized by a relaxation ~ 4- 40 µs (122, 123).  Quenching of the triplet state can occur by 

electron transfer after diffusion-limited collision with other groups such as the oxygen triplet 

(121, 124) and the sulphydryl (125) group in the amino acid cysteine.  This quenching reduces 

the tryptophan-triplet relaxation lifetime making it a useful probe of diffusion-limited contact 

formation in polypeptide chains with cysteine and tryptophan monomers (figure 2-9).  

 

Figure 2-9: A simplified model for diffusion controlled loop formation in a poly-amino acid 
chain labeled with donor Trp and acceptor cysteine (in red). The UV excitation 
excites the donor (color change from white to blue). The excited donor diffuses 
towards acceptor, making a contact, and then transferring energy (color change from 
blue to white again). 

 Our kinetic studies of contact formation in peptides labeled with tryptophan and cysteine 

employ flash photolysis to excite tryptophan to triplet state.  Cysteine is the most efficient 

Trp* Trp* Trp 

hν 
       
       
       
       
  

Trp
 

k D-
 

 

 

 

 

k D 
 

 

 

 

 Q 
 

 

 

 Cys Cys 

Cys Cys* 



 

53 

quencher of the tryptophan triplet state among all amino acids (123, 125).  Its quenching rate ~ 

5× 108/M/s is 400 fold larger than that of other amino acids including tryptophan.  Contact with 

the sulphydryl group of cysteine is a short-range interaction involving an electron transfer (123, 

124, 125) from the triplet state of tryptophan to the cysteine.  Therefore, the rate of the 

tryptophan triplet decay in the presence of cysteine is a direct probe of the rate of contact 

formation (22) in a chain labeled with tryptophan and cysteine.  This rate can be determined 

from the relaxation of tryptophan triplet, as the rate of a tryptophan-cysteine contact is coupled to 

the dynamics of the chain diffusing in solvent.   

I assume a simple model for the interaction (21) between excited triplet of tryptophan (Trp) 

and cysteine (Cys).  Contact formation is facilitated by diffusion occurring at a rate k D, while k 

D- is the rate at which the ends diffuse away without forming a contact. It is assumed that once 

the contact is formed, energy transfer with a quenching rate Q is imminent. 
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The formation of a loop is said to be diffusion limited in such a scenario.  The rate of 

diffusion is given by the SSS result in Eq.1-2 for a Gaussian chain.  The contour length L can be 

ascertained from the number of peptides separating the tryptophan and cysteine.  Loop formation 

by contact between these two amino acids occurs at a distance equaling the sum of their van der 

Waals radii, which replaces a in Eq.1-2.  The effective diffusion coefficient of tryptophan in 

water 7 × 10-6cm2/s is used.  The simple estimate of contact formation time using SSS theory 

enables us to relate the rate of loop formation with the length of the loop as in Eq.2-9 

A number of transients are created on photolysis of tryptophan (126, 127, 127).  I focus on 

those species that have a significant contribution to the absorbance signal in the wavelength 

range of our interest.  The triplet yield of tryptophan in water is 0.27 (120, 122), (127). 

1. Tryptophan triplet: This species has a peak absorbance at 460 nm (122, 128), and its 
relaxation to the ground state, which is typically ~ 4 - 40 µs, can occur via several 
pathways.  

 Trp T  Trp (relaxation at 104/s) (122, 126)(121)                            [2-10] 

 Trp T + Trp T  2 Trp (triplet annihilation at 1010/M/s) (126) 

 Trp T + Trp  quenching (ground state quenching at 107/M/s) (126) 

 Trp T + O2  quenching (@ 5.3 × 109/M/s) (121, 129) 

2. Cation radical: This species is created during photo-ionization of tryptophan.  The 
absorption spectrum of this species has a peak at 550 nm.  In neutral pH solutions, this 
decays rapidly within a microsecond.(130) 

3. Neutral radical: The cation species deprotonates, giving a neutral radical that exhibits a 
peak in the absorption spectrum at 510 nm, and decays slowly in a few hundred 
microseconds.(130, 131) 

 2 Trp0   2 Trp (radical annihilation @ 7.9 × 108/M/s) (126, 130, 132)  [2-11] 

4. Solvated electrons: The photo-ionization of tryptophan also yields solvated electrons, 
which have a peak in absorption at 720 nm.  Degassing samples with nitrous oxide 
enables efficient scavenging of this species.  (122, 133) 

The following equations summarize the photo-physics of tryptophan  
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Trp     Trp*       Trp+        +         e-                (photo-ionization) (126, 130, 133)  [2-12] 

    (Excitation)  Cation radical)      (Solvated electrons)  

      Trp+            Trp0                +               H+             (Deprotonation)                      [2-13] 

              (Neutral radical)            (Protons) (122, 131, 132) 

       Trp      Trp T             (Inter-system crossing after excitation)                             [2-14] 

In experiments, [Trp] ~ 100 µM, the ground state quenching mechanism occurs on a 

timescale of milliseconds, when the processes of interest to us occur in the microsecond scale.  

The kinetics of relaxation of the tryptophan triplet and the neutral radical are discussed in detail 

in chapter 5.  

Techniques Used to Study Protein Folding Kinetics 

Mixing 

This is one of the oldest techniques used to study folding of proteins.  A protein in highly 

destabilizing solvent conditions is mixed with a buffer, favoring refolding of protein. The 

kinetics of relaxation of protein to the new equilibrium is probed by an optical probe, such as 

fluorescence, circular dichroism etc (134).  The time resolution of this technique is limited by the 

time of mixing, which is rarely faster than a few tens of microseconds (135). Continuous flow 

mixing has enabled the detection and characterization of intermediates along the folding pathway 

of proteins such as cytochrome c. 

Flash Photolysis 

A laser pulse can be used to trigger a photochemical change, with the wavelength chosen 

to specifically excite molecules in the protein that serve as optical probes of the folding 

transition.  This photochemical change could be a rupture of specific bonds or fast electron 

transfer that leads protein to the native state. While flash photolysis has been around for a long 

while, nanosecond and femtosecond pulsed lasers allow studies of sub- microsecond events in 
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folding.  The earliest such study was conducted on a complex of cytochrome c protein (11) and 

carbon monoxide, which was photo-disassociated by a laser pulse.  The release of the carbon 

monoxide that binds preferentially to the heme group allows the heme group to bind to other 

ligands in the protein.  This enables observation and measurement of rates of initial formation of 

contacts as protein samples its conformational space.  Recent studies of contact formation in 

polypeptide chains have employed flash photolysis methods to excite triplet states whose 

relaxation (22, 24, 136, 137, 138) enables an observation of the dynamics of a disordered 

polypeptide chain.  

 We use flash photolysis triggered energy transfer between tryptophan and cysteine in a 

polypeptide chain to monitor intra-chain diffusion, discussed in chapter 5.  A flash of UV light 

excites the tryptophan molecule to the triplet state, which can be detected through its visible 

absorption. Quenching of the triplet state by collisional contact with the sulphydryl group of 

cysteine enables an actual measurement of contact formation in the chain.  The acquisition of 

time-resolved absorption spectra provides information about the relaxation of the excited triplet 

state, which is linked to conformational dynamics of the polypeptide chain. Our transient 

absorption spectroscopy system (figure 2-10) monitors tryptophan triplet relaxation over 

wavelengths 400-700 nm with nanosecond time resolution on sub-millisecond timescales.  

Sample is excited by a laser pulse (λ = 289 nm, pulse width 7 ns) that is generated by Stimulated 

Raman emission in hydrogen gas at 650 psig pumped by the fourth harmonic of Nd: YAG laser 

at λ = 266 nm. A xenon flash lamp (λ = 400-700 nm) probes the excitation volume at a 

programmable time delay τD after the excitation. A kinetic profile of triplet relaxation can be 

obtained for values of τD from a few nanoseconds to a millisecond.  

The system consists of the following elements 
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• Excitation and probe optics  
• Sample preparation 
• Spectral data acquisition  
 

Excitation System:  

The 266 nm fourth harmonic of Nd: YAG laser (Spectra Physics INDI-50-10, 5Hz, 5-7ns) 

induces stimulated Raman emission in deuterium gas at a pressure of 650 psig in Raman cell 

(Light Age PAL-101 RC). The first Stokes shift at this wavelength for deuterium is 2991 cm-1, 

providing an output at wavelength of 289 nm.  The two wavelengths are separated using two 

Pellin Broca prisms, following which the 289 nm beam is focused onto the sample cell using a 

long focus( f = +50 cm) fused silica lens.  The size of the UV spot on sample at focus is 2.12 

mm. Typical energy of this excitation beam is 1-1.6 mJ/pulse. 

Probe System 

 A xenon flash lamp (EG &G) provides a flash of visible light (400-700 nm) at time τD 

after the pump beam. The time delay between probe pulse and pump pulse is varied from 10 ns – 

10 ms by the use of a Lab-view program that controls a SRS DG535 delay generator whose 

output signals externally trigger the flash lamp trigger and laser Q switch trigger.  A combination 

of beam-splitters and mirrors yields two probe beams, which are focused onto sample.  One of 

these beams is focused onto the excitation volume of sample, while the other beam is focused to 

a spot located 5 mm below the other.  The control track for unphotolyzed sample provides the 

reference absorbance intensity I0, with respect to which the transient absorbance I for photolyzed 

sample is calculated using Beer-Lambert law }10{ )(
0

εClII −=  
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Figure 2-10: System triggers photolysis in sample with UV pulse at time t, and probes sample 

response at time delay τ after the UV flash.  The timing and trigger of UV flash and 
probe xenon flash is controlled remotely.  The UV pulse is produced by Raman-
shifting the 266 nm harmonic of an Nd: YAG laser in a cell filled with deuterium gas 
at 650 psig.  Pellin Broca prisms (PBP) separate the fundamental from Raman-shifted 
289 nm light. A fused silica lens (f = +50 cm) focuses the UV light onto sample.  The 
xenon lamp light is focused onto two spots in sample, one of which coincides with the 
UV focus. The light from both photolysed and unphotolysed sample is focused onto 
the CCD camera after dispersion by a diffraction grating.  The time-varying 
absorbance of sample is calculated at each time delay t from the ratio of the light 
intensities emerging from the two spots.  

Here C is concentration of transient (tryptophan triplet in our experiment), l the optical 

path length of the sample and ε the extinction coefficient of our transient.  The triplet state of 

tryptophan has ε = 5000/M/cm at the peak absorption wavelength of 460 nm.  We optimize and 

characterize our system with the absorbance of the organic dye 9-anthracene carboxylic acid.  

Sample Preparation 

 We typically work with concentrations of peptides or NATA that would give 100 µM of 

tryptophan in the ground state and ~ 25 µM triplet tryptophan, so that we can observe the best 
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signal for tryptophan triplet in a 1 cm optical path length cell.  Samples are prepared in 50 mM 

pH 7.0 phosphate buffer and purged with nitrous oxide gas for 15-20 minutes prior to data 

acquisition. The nitrous oxide scavenges electrons produced (122, 129) during experiment as 

their large absorption signal at 720 nm can interfere with the signal under consideration.  It also 

reduces the concentration of ambient oxygen (129) in sample from 250 µM to ~ 20 µM.  

Oxygen is a very efficient quencher (121, 123, 124, 126) of the triplet state of tryptophan.  

We also use a glucose oxidase- catalase enzyme system (139) to lower ambient oxygen levels in 

the sample to a few µM. Glucose oxidase uses oxygen to break down glucose to give hydrogen 

peroxide, which is broken down to water and oxygen by the catalase enzyme.  Addition of the 

enzymes (~20 nM) a few minutes before the actual experiment bring down oxygen to the levels 

where it does not affect the kinetics of tryptophan triplet relaxation.  We also add a layer of 

mineral oil on top of sample to prevent any sample interaction with oxygen in atmospheric air 

during experiment.  Samples are stirred constantly with a magnetic stir bar to prevent photo-

damage of sample in the excitation volume over the time-course of experiment. A thermo-

electric chip connected to a temperature controller (MPT-5000, Wavelength Electronics), which 

can set sample temperature from 5-100 oC with 0.1 oC precision, controls the sample 

temperature.  

Spectral Data Acquisition 

 The xenon spectra (control and signal tracks) are focused onto the entrance slit of a 

monochromator (Princeton Instruments Acton) with a diffraction grating, which disperses a 

spectrum from 400-700 nm.  This spectrum is now focused onto the CCD array (Roper Scientific 

Instruments PI-MAX) operating in nanosecond-gated mode.  A GG400 filter cuts out light below 

340 nm wavelength, to filter out tryptophan fluorescence signal at 350 nm. We calibrate the 
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ICCD camera for the wavelengths mentioned using the standard lines of the mercury argon pen-

lamp (Oriel 6033).  Optical elements focusing light from sample onto spectrograph must be 

optimally aligned so that the light coming from the signal track and control track have close to 

equal intensities in the wavelength region of interest.  The programmable timing generator (PTG) 

triggers camera ON at delays ~τD after excitation and controls timing of spectral acquisition by 

camera.  These delays are programmed to be logarithmically spaced between 10 ns- 10ms using 

Labview.  For each delay, 20-40 spectra are acquired to enhance signal to noise ratio.  We use 

Labview software to trigger the pump and probe beams, set parameters for instruments acquiring 

data and acquire data. 

Data Analysis   

The time delays from the HP counter and the spectra from the CCD are combined by the 

Matlab program tspec_data_3.m (Hagen SJ) to yield a matrix with data as a function of 

wavelength along rows and time delays (along columns).  Singular value decomposition 

(explained in appendix A) or SVD resolves the data matrix into independently evolving spectral 

and temporal eigenvectors.  The temporal eigenvectors can be fit to simple exponential 

relaxations. 

Temperature- jump Spectroscopy  

Changes in temperature can destabilize the folded state of the protein, allowing for a 

method of probing their folding mechanism.  Early T-jump methods used a capacitive discharge 

to heat the protein solvent quickly.  This provided a time resolution (140) of 10 µs, varying with 

the electrical conductivity of the solvent.  Pulsed IR-laser temperature jump has now become the 

method of choice to (141) trigger sub-microsecond events in protein folding (102, 142).   
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Figure 2-11: Response of free tryptophan and the peptide TC5b to a temperature jump of 9.8oC.  

We do not observe any relaxation in the fluorescence of free tryptophan on the 
timescales of a few microseconds (panel A).  Panel B however shows a clean 
relaxation of TC5b peptide on these timescales.  

The rates of formation of secondary structural elements such as alpha helices (143) and 

beta hairpins (144) have been determined with nanosecond time resolution using the laser-

triggered temperature jump system. 

In a typical temperature-jump (T-jump) experiment, an IR laser pulse deposits a pulse of 

heat energy into the solvent.  Fluorescence, absorption, Raman spectroscopy, or infrared 

spectroscopy is then used to probe the relaxation of the protein to a new equilibrium set by the 

elevated temperature.  Our studies of fast folding kinetics in tryptophan zipper and IA3 systems 

rely on a temperature-jump to trigger a decrease in stability of the folded state of the protein.  

The solvent equilibrates rapidly ~ 20-30 ns to the raised temperature, while the protein relaxes to 

equilibrium on a slower timescale (figure 2-11).  We detect fluorescence of tryptophan in IA3 

mutant and tryptophan zipper.  We discuss the temperature-jump apparatus in the next section.  



 

62 

Temperature-jump Apparatus  

The laser temperature jump apparatus used in the present work (figure 2-12) consists of the 

following:  

• Infra-red excitation  
• Ultra-violet probe  
• Sample block 
• Sample handling and preparation   
• Kinetic data acquisition  
• Spectral data acquisition  
 
Infrared (IR) Excitation  

We use an Nd: YAG laser (Continuum Surelite I-10) whose flash lamp and Q-switch are 

triggered externally by the falling edge of electrical pulses (10Hz, 10 µs wide, 5V  0V).  The 

laser output at the fundamental wavelength 1064 nm (2Hz, 5-7 ns) is used to pump a Raman cell 

(Light Age 101-PAL RC) filled with hydrogen gas.  The first Stokes line for stimulated Raman 

scattering is at 4155 cm-1, hence the 1064 nm fundamental output of the Nd:YAG laser is shifted 

to 1890 nm.  Light at the shifted wavelength is separated from the fundamental wavelength by 

dispersion through a Pellin Broca prism, split into two beams that are incident on the sample 

from opposite sides (‘hot’ spot diameter 1 mm) as shown in figure 2-12 ensuring a homogenous 

heating of the sample.  At 1890 nm, the decay length of the beam in water is 0.03 cm.  

Temperature jumps of 10-15 oC can be achieved for aqueous solutions by varying the Q-switch 

delay setting of the IR laser in the range of 116-120 µs.  
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Figure 2-12: Schematic of temperature jump set-up with following elements 

TFP- thin film polarizer 
BS - beam splitter 
PBP - Pellin Broca prism to disperse remaining 532 nm light present in the 266 nm beam 
M1, M2, M3, M4, M5 - IR reflecting mirrors to steer IR beams 
F1, F2 – Schott glass filters 59880 to ensure equal IR energy on both sides of sample 
L1, L2 – IR focusing lens with f = +50cm 
L3 – Objective lens, f = +20 cm to focus sample emission onto PMT 
L4 – UV focusing lens, f = +17.5 cm, 
L5 – Fused silica collimating lens, f = +10 cm 
M6 – flip mirror 
M7-M8 – Aluminum protected mirrors 
PMT – Hamamatsu photomultiplier R1166 
CCD – Princeton Instruments CCD camera with f = +2.5 cm lens focusing light onto CCD chip 
G - Diffraction grating 600 grooves/mm, 400nm BLZ 
VC – video camera for alignment 
 
Ultra-violet (UV) Probe:  

The Continuum Minilite I-1 Nd: YAG laser contains second and fourth harmonic crystals 

to produce nanosecond laser pulses of wavelength 266 nm (2 Hz, 5 ns wide).  The laser is 

externally triggered by the rising edge of electrical pulses (10 Hz, 10 µs wide, 0V  5V).  This 

light is focused onto the sample at the center of the region heated by the infrared beams.  The 

correction for fluctuations in laser intensity can be made, if necessary (Figure 2-13).  
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Figure 2-13: Schematic of optics for ultra-violet probe beam   

P = equilateral prism to disperse 532 nm and 266 nm light 
M = UV reflecting mirror 
L1 = PCX converging lens (f = + 50 mm) 
I = pinhole made with punctured aluminum foil 
W = silica wedge to deflect light towards photodiode for detection of UV intensity 
F = Silica filter 0.5 OD to cut laser intensity and protect silica fiber 
L2 = PCX converging lens (f = + 100 mm) 

 

The size of the focused UV spot is 75-100 µm.  UV-excited sample fluorescence is 

collected by an f/1 fused silica lens and split by a silica wedge.  The front surface reflection is 

directed toward a photomultiplier (Hamamatsu R1166).  The time delay between the thermal 

trigger and the ultra-violet probe is varied so that we may sample the fluorescent response from 

pre-trigger to 500 ms after the thermal trigger.  We obtain a rough alignment of the laser beam 

focus by the use of an aluminum block with a 75 µm diameter clearance.  This alignment is fine-

tuned by adjusting the beam position to maximize the temperature perturbation induced by the IR 

laser pulse in the fluorescence of a solution of free tryptophan.  

 Labview programs are used to trigger the IR pump and UV probe laser pulses, define 

parameters for instruments and acquire kinetic and spectral data.  Matlab (Mathworks) can then 

combine the time and wavelength data for analysis.  
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Figure 2-14: Sample holder and fused silica fiber 

Fiber and Sample Block:  

The sample flows through a fused silica fiber of rectangular cross-section (0.1 mm X 1 

mm), which is mounted on an aluminum block as shown in figure 2-14.  Conducting silver paint 

applied to the ends of silica fiber enhances thermal contact between silica capillary and block.  A 

thermo-electric stage and controller maintains sample and holder at the desired temperature.  A 

thermistor monitors temperature of sample during data acquisition. The temperature of the 

sample can be varied from 5 – 100 oC to 0.1 oC accuracy using a thermo-electric chip connected 

to a PID temperature controller (MPT-5000, Wavelength Electronics). 

The time resolution of acquired experimental data depends on the IR laser pulse width of 

5-7 ns and the 20-30 ns thermal equilibration time for solvent following T-jump.  The size of the 

largest time window for the experiment depends on the duration the final temperature Tf is 

stable.  The duration of this final temperature is determined by thermal diffusion in capillary, 

which is constrained by the geometry of the sample holder. 

Our aqueous sample flows through a capillary of rectangular cross-section 100 µm x 1mm 

with the pump and probe laser beams incident on the 1 mm wide face of the capillary.  We can 

consider thermal diffusion in a cylinder of radius r and height 100 µm. 
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Figure 2-15: Schematic representation of thermal diffusion in sample after the IR pulse (red 
arrow) is incident on sample in silica capillary (optical path length 0.1mm). 

    If this diffusion occurs on a timescale t, (figure 2-15)  

tr κ2~2 ><                [2-14]  

The factor κ denotes the thermal diffusivity of the medium, which is 1.44 x10-3 mm2/s for 

water at 293K.  The radius r is the radius of the heated region of our sample.  This corresponds to 

IR beam size of 1 mm.  We get thermal diffusion on timescales of 500 ms in water, which 

encases the flowing sample.  We set our laser repetition rate to be 500 ms for this very reason.   

Sample Handling: 

 A syringe pump pushes the aqueous protein sample through the capillary at a flow rate of 

typically 0.2 ml/hr.  For sample concentrations of ~ 1 mg/ml, this allows ~1 day of data 

collection with 1 mg of protein.  We are thus able to probe of the folding transition in a protein 

over a range of temperatures while using barely a milligram of protein.  Samples are degassed 

and filtered with a 0.22 µm inline filter to minimize cavitation problems during data acquisition.   

Sample Preparation: 

IA3 in its pure lyophilized form was dissolved in buffer solutions of 50 mM pH 7.0 sodium 

phosphate or pH 4.5 sodium acetate respectively.  The aspartic proteinase YPrA was obtained in 

lyophilized form from Sigma (P-8892) and then hydrated in pH 4.5 sodium acetate buffer.  

0.1 mm 
1 mm 
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  For experiments with TZ2, I prepared solutions of 100-120 µM TZ2 in 50 mM pH 7.0 

phosphate buffer with 2M GdnHCl and ethylene glycol.  The viscosity of solvents is enhanced to 

about 3.6 mPas (3-4× η water) at 25oC by adding 0-50 percent by weight of ethylene glycol to 

buffer containing 2M GdnHCl.  The kinematic viscosity (η/ρ) of all solvents (density ρ) is 

directly measured with a calibrated Cannon-Fenske viscometer immersed in a water bath, to an 

accuracy of better than ± 1% by this method.   

Temperature-jump Calibration 

 

Figure 2-16: Temperature calibration of T-jump system with fluorescence of free tryptophan in 
solvent used for experiments.  Panel A shows the equilibrium fluorescence data of 
free tryptophan in pH 7.0 phosphate buffer with 17% v/v tri-fluoroethanol for 
temperatures 5-85oC in increments of 5oC.  The integrated fluorescence is fit to an 
exponential function of temperature, show in panel B.  The difference in tryptophan 
fluorescence intensity before and after the temperature jump is correlated to fit 
parameters obtained for equilibrium data in panel B, and calibrated in terms of change 
in temperature (panel C) 
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To determine the magnitude of the temperature- jump prior to each experiment we measure 

the fluorescence of free tryptophan solution in the T-jump apparatus.  Comparison of the change 

in fluorescence after T-jump to an equilibrium calibration measurement of tryptophan 

fluorescence in same buffer over temperatures 5-85oC enables us to determine the magnitude of 

the temperature-jump.  The logarithm of the equilibrium fluorescence intensity is fit to a second 

order polynomial function of temperature as shown in panel B of figure 2-16.  A typical 

calibration dataset for NATA is acquired prior to experiment with peptide and is shown in panel 

C of figure 2-16.  The difference in intensity of fluorescence of pre-trigger (panel C) and post-

trigger fluorescence signal is measured and then, using the fit parameters obtained from 

equilibrium fluorescence data we can estimate the size of the temperature jump in Celsius.  

Kinetic Data Acquisition:  
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Figure 2-17: Saturation of aqueous NATA solution with UV photons. We wish to operate in the 

region where the slope of the exponential decay of PMT signal with changing UV 
intensity is close to zero, implying negligible dependence of PMT signal on UV 
intensity, and thus reduced noise due to shot-to-shot variation in UV intensity.  



 

69 

Emission from the sample volume probed by the focused ultra-violet laser pulse is 

collected and sampled by a photomultiplier (Hamamatsu R1166 D-type φ 19 mm) as well as a 

CCD camera.  The primary sources of noise in data collection arise from shot-to-shot variations 

in UV and IR laser intensity as well as a small amount of electrical noise due to RF interference 

from the IR laser Q-switch.  Noise due to fluctuations in UV laser intensity can be reduced by 

optimizing PMT signal while varying the UV intensity and determining the region of operation 

where PMT signal is insensitive to fluctuations in UV intensity (Figure 2-17).  

Spectral Data Acquisition: 

 

 
Figure 2.18: Sample fluorescence is collected by a lens that focuses light at the focal plane of a 

collimating lens.  Collimated light is dispersed by a diffraction grating to yield a 
spectrum spanning wavelengths 250 -700 nm.  This spectrum is focused onto a CCD 
array that acquires spectra synchronously with the photomultiplier.  We can acquire 
multi-wavelength time-resolved fluorescence spectra over ns-µs timescales with 
nanosecond resolution.  

Sample fluorescence is collimated and directed onto a diffraction grating (150 

grooves/mm, 400 nm blaze wavelength), which disperses light to provide spectrum over 
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wavelengths 290-725 nm.  The spectra are centered at 400 nm and focused onto a CCD camera 

array with a focusing lens (f = 2.5 cm).  Wavelength calibration of this CCD array is performed 

with standard mercury-argon pen lamp (Oriel 6033).  A video camera with a focusing lens is also 

used to optimize alignment of emitted light through the optical system (figure 2-18). 

We have a laser-triggered temperature jump system that can probe the kinetics of 

relaxation of proteins that can absorb UV light of wavelength 266 nm and have a fluorescent 

response in the wavelength region 250 – 700 nm.  We can simultaneously acquire spectral and 

kinetic data with nanosecond time resolution on timescales of ns-ms.  We employ temperature 

jumps of 6-8oC to destabilize the folded state of the tryptophan zipper protein, so that we may 

probe its folding by observing the fluorescence of tryptophan (emission maximum at 350 nm) at 

time delays extending out to a few tens of microseconds.  We have used this system to monitor 

the folding kinetics of tryptophan zipper in solvents of varying viscosity.  Our temperature jump 

studies of the folding kinetics of the intrinsically unstructured peptide IA3 coupled to its binding 

with YPrA enable us to identify the sequence of events that lead to the effective inhibition of the 

YPrA.  

 

 

 

 

 
 



 

71 

CHAPTER 3 
KINETICS OF FOLDING AND BINDING OF THE INTRINSICALLY DISORDERED 

PEPTIDE IA3 WITH YPRA 

Introduction  

We have seen the diverse roles played by intrinsically disordered proteins in initiation and 

regulation of vital biological processes (42, 46, 51).  The activity of these proteins arises through 

their folding to a structure that is conducive to their function (42, 45, 52, 58, 62).  This ordering 

transition occurs during or prior to their association with other proteins or cofactors (58).  The 

inhibition of the proteolytic enzyme YPrA by the intrinsically unstructured IA3 is a case in point.  

Free IA3 has no residual secondary structure, as indicated by CD (85) and NMR studies (145).  

X-ray crystallographic studies of YPrA and IA3 (76) show the N-terminal residues of IA3 bound 

to the active site of YPrA and folded into an alpha helix.  This folded segment of IA3 blocks 

substrate access to YPrA inhibiting the enzyme.  Despite overwhelming evidence of a unique 

mechanism of interaction that couples helix formation and binding (76, 84, 88, 89, 145), no study 

so far has investigated the sequence of events that lead to YPrA inhibition by IA3.  We study the 

kinetics of this interaction to gain an insight into the function of IA3.   

The simplest mechanisms that can be envisaged for the YPrA-IA3 interaction are that 

(Scheme I) folding precedes binding to YPrA or that (Scheme II) a transient complex is formed 

prior to folding of the intrinsically disordered peptide (Figure 5.1).  Scheme I would suggest that 

the folding kinetics of IA3 would be unchanged by the binding interaction with YPrA.  If scheme 

II were to be valid, however, the folding kinetics of IA3 should be significantly different in the 

presence of YPrA.  

Our approach is to do a comparative study of the kinetics of IA3 folding in the absence and 

presence of YPrA, or effectively IA3 folding independent of binding and IA3 folding coupled to 

binding.  We use the helix promoting co-solvent 2, 2, 2-trifluoroethanol (146, 147) (TFE) to 
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induce helix formation in free IA3.  Equilibrium circular dichroism measurements characterize 

the stability of the helix-coil transition in IA3 as a function of TFE and temperature.  We then 

measure folding rates of IA3 in the presence of varying concentrations of TFE (and no YPrA) by 

measuring time resolved fluorescence signal following a nanosecond temperature-jump. 

 
Figure 3-1: Two potential schemes of interaction for YPrA with the intrinsically disordered IA3.  

Scheme I suggests that folding precedes binding to YPrA, while scheme II suggests 
that binding to YPrA precedes folding of IA3. 

Our studies employ peptides with the fluorescent labels tryptophan and dansyl 

incorporated in the N-terminus, so that we may use distance-dependent (FRET) energy transfer 

to monitor the folding of the N-terminus of the IA3 peptide.  The folding kinetics of IA3 in water 

are estimated by an extrapolation of the rates in various TFE concentrations to zero TFE.  We 

measure folding kinetics of IA3 coupled to binding to YPrA using laser triggered temperature 

jump fluorescence spectroscopy.  The differences in the observed kinetics of IA3 folding enable 

us to draw some conclusions as to the merits of the two different schemes proposed in figure 3-1. 
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 We observe that in the absence of YPrA, IA3 is a slow folder, with a folding time of 5 µs 

at room temperature.  Comparisons to literature values for alpha helix folding (143, 148, 149) 

times of 200-300 ns suggest that IA3 is unable to nucleate sufficiently fast, leading to inefficient 

and sluggish folding. In the presence of the protease YPrA, IA3 exhibits a fast ~ 90 ns relaxation 

that we believe is the folding of IA3.  This result and other observations in our studies convince 

us that IA3 first makes a series of contacts with YPrA, and then uses YPrA as a template to assist 

its folding.   

Results 

Peptide Characterization  

All peptides (wild-type IA3 and mutants N2W IA3, K16C IA3, N2W-K16C IA3) were 

expressed in E. coli.  Synthesis, purification and characterization (with standard biochemical 

techniques) of all peptides was completed at Dr. Edison’s laboratory at the University of Florida.  

Inhibition assays were used to confirm that mutations and dansyl labeling did not affect the 

potency of inhibition of the IA3 peptides.  The dissociation constant for binding of enzyme and 

inhibitor is a measure of the potency of the inhibitor.  It is termed inhibition constant or KI and 

has units of concentration.  Inhibition constants for all IA3 mutants were at or below the limits of 

instrument detection at 25oC, implying an inhibition constant KI < 1nM at 25oC.  

Equilibrium Fluorescence Studies   

We verified the occurrence of FRET between the fluorophores in the double mutant IA3 by 

monitoring the equilibrium fluorescence of IA3 in different concentrations of TFE.  Previous 

NMR studies of IA3 in TFE have indicated an increase in helical content of IA3 on addition of 

TFE, with a helix folding midpoint concentration of 18% v/v TFE in buffer.  A representative 

spectrum of the double mutant IA3 is shown in Figure 3-2 (A).  We select tryptophan in N2W 

and N2WK16C dansyl IA3 as a molecular probe of the folding transition. 
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Figure 3-2: The emission of N2W-K16C-dansyl IA3 after excitation by 266 nm light shows 
donor (tryptophan) emission at 350 nm and acceptor (dansyl) emission at 500 nm 
(panel A).  Equilibrium fluorescence of ~ 20 µM N2W IA3 (B), tryptophan of N2W-
K16C dansyl IA3 (C) in various TFE concentrations from 0-25% TFE v/v shows a 
decrease in tryptophan emission in the dansylated peptide with increased TFE.  In the 
absence of dansyl, the emission of tryptophan increases slightly with increasing TFE 
concentration.  

  We compared the emission of tryptophan in the presence of dansyl in the double mutant 

N2WK16C-dansyl IA3 with tryptophan emission in donor only labeled N2W IA3 peptide and 

observed that on adding TFE, the emission of tryptophan is progressively reduced in the double 

mutant, while in the donor-only peptide, the emission is progressively increased.(Figure 3-2 B 

and C).  This is expected as the peptide is induced to fold in the presence of increasing amounts 

of TFE, bringing the tryptophan and dansyl closer and increasing energy transfer from 

tryptophan to dansyl.   
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Characterization of IA3 Folding Behavior at Equilibrium 

Previous NMR studies have revealed that free IA3 forms a random-coil (no residual 

secondary structure) (145) in the absence of TFE.  In the presence of TFE, the N-terminus of IA3 

acquires alpha helix structure.  The use of TFE to induce helix folding in peptides with little or 

no helical secondary structure in the absence of TFE has been well studied (146, 147, 150).  It is 

possible to determine the equilibrium thermodynamic parameters (free energy of folding 

/unfolding, associated enthalpy and entropy) for the helix- to- coil transition in water by an 

extrapolation of the folding parameters measured at various TFE concentrations(150, 151). 

 Equilibrium far-UV circular dichroism probes the secondary structure content of IA3 at 

various temperatures and TFE concentrations.  We observe that at low TFE concentrations, the 

CD spectrum is typical of a random coil with a dominant minimum at 200 nm.  As the 

concentration of TFE increases, the CD spectrum begins to exhibit the signature of an alpha 

helical structure with a minimum near 208 nm and 220 nm.  All the spectra for all IA3 mutants 

also exhibit an isodichroic point near 202 nm, which is suggestive of the existence of two 

populations of IA3, one that is folded into an alpha helix and one that is unfolded.  This 

observation is consistent with previous NMR studies and enables us to fit all CD data over all 

wavelengths, temperatures and TFE concentrations to a two state model for IA3 folding.   

Our model assumes that the free energy of unfolding of IA3, ∆G varies linearly with TFE 

concentration (Eq 3-1).  Our unfolding free energy for all IA3 mutants is then well defined by 

two enthalpy parameters mH and ∆H0, and two entropy parameters ∆S0 and mS. 
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The parameters ∆H0 and ∆S0 represent the enthalpy and entropy of IA3 helix-coil transition 

in water, while mH and mS represent the energetic contributions of IA3 interactions with solvent 

(TFE) that affect the helix coil equilibrium.  The population of IA3 in the folded (F) or unfolded 

state (U) is related to the free energy of unfolding ∆G and temperature T as shown in Eq. 3-2.  

 
Figure 3-3: Equilibrium far-UV circular dichroism data for mutant N2W-K16C-dansyl  IA3 (~ 15 

µM ) in pH 7.0 phosphate buffer with varying concentrations of TFE from 0-25% v/v 
in increments of 5% v/v (each panel shows one concentration).  For each 
concentration, scans were taken over temperatures 5-85oC, represented by the 
multiple spectra that intersect at 202 nm.  CD spectra are typical of a random-coil 
peptide at low TFE concentrations (0-5% v/v) while the spectral characteristics of an 
alpha helix structure are seen at higher TFE concentrations.  The data in black is fit 
well by a two state folding model for the helix-coil transition in IA3 as a function of 
temperature and TFE.  Our fits are plotted in red.  
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We can then represent our CD signal at each wavelength, temperature and TFE 

concentration as arising from a sum of two signals, each the product of fraction of molecules in 

the folded (or unfolded state) i.e. fF  and fU and the temperature independent basis CD spectrum 

for the alpha helix (or random-coil) i.e. ΘF and ΘU. (Eq 3-3)  

),()(),()(),,( TFETfTFETfTFETCD UUFF ×Θ+×Θ= λλλ                                         [3-3] 

We estimate the fraction of IA3 in the folded and unfolded states for each condition of 

temperature and TFE concentration and use the actual observed CD spectrum for that 

experimental condition to estimate our basis spectra.  Our global fit method uses an initial guess 

for ∆H0, ∆S0, mH and mS for estimation of fF and fU, which are then used to estimate the basis 

spectra.  The predicted CD spectra as a function of temperature and TFE are calculated from 

above, and deviation from experimental spectra is calculated.  The initial guess parameters are 

varied until the best match between predicted and actual CD spectra is obtained (least squares 

minimization of deviation of fit from actual CD spectra).  

 We find a very good fit between predicted and actual CD spectra for IA3 mutants at all 

temperatures, TFE concentrations and wavelengths (Figure 3-3).  This vindicates our choice of 

the two state folding model, for which our estimated basis spectra are seen in figure 3-4.  We 

observe that all IA3 mutants have equal sub-populations of folded and unfolded states at a TFE 

concentration of 18-19% v/v (the folding mid-point) at room (85, 145) temperature as observed 

in previous NMR studies of IA3 folding in the presence of TFE.  The thermodynamic parameters 

for the helix-coil transition in water for all IA3 mutants is very similar with a free energy of 

unfolding in water at 25oC being ~ - 6.8 kJ/mol. Contour plots of ∆G and fU as a function of 

temperature T and TFE concentration are very similar for all IA3 peptides.  

The contour of population of unfolded IA3 at low TFE concentrations (figure 3-4C) is  
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Figure 3-4: Analysis of thermodynamic parameters for folding transition of IA3 as a function of 

temperature and TFE.  Panel A shows the basis spectra for the two states of IA3 
which are comparable to CD spectra for random coil and alpha helix in the CD 
literature.  Panel B and C represent contour plots of free energy and unfolded sub-
population as functions of temperature T in Celsius and TFE concentration in v/v. 

almost parallel to the temperature axis. This implies that a temperature jump at very low 

TFE concentrations does not significantly change the fraction of IA3 in the folded state.  This 

means that we would not trigger significant amounts of folding or unfolding by applying a 

thermal perturbation to IA3 in the absence of TFE.  Therefore, we measure the folding kinetics of 

IA3 at various TFE concentrations above 8% v/v and then extrapolate the folding /unfolding rates 

to zero TFE to determine the folding of free IA3 in aqueous conditions.  .   

Kinetics of IA3 Folding in the Presence of TFE 

We monitor the folding transition of free N2W-K16C-dansyl IA3 in pH 7.0 phosphate 

buffer with varying concentrations of TFE by volume by acquiring time-resolved fluorescence 

data after a thermal trigger.  A typical dataset is shown in figure 3-5B.   
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Figure 3-5: Time-resolved fluorescence data of N2W-K16C-dansyl IA3 in phosphate buffer with 
17% TFE v/v at a final temperature 24.8oC.  Raw data in panel (B) is analyzed by 
singular value decomposition, which separates spectral response from kinetic 
response.  The spectral vectors U1 to U3 are shown in panel A, while the weighted 
kinetic eigenvectors SV2 and SV3 are shown in panel C with best fits for a mono-
exponential relaxation.  

The thermal trigger causes a rapid (~ 20-30 ns) decrease in overall fluorescence emission, 

due to the intrinsic negative temperature dependence of the fluorescence quantum yield. This fast 

20-30 ns relaxation is observed in free tryptophan as well and is not related to the protein folding 

dynamics.  The interesting relaxation is a slower microsecond relaxation, which is studied by a 

singular value decomposition (see Appendix A) analysis of data.  Singular value decomposition 

resolves the data into independent spectra Ui (λ) whose evolution in time is described by Vi(t). 

The weight of each component of the dataset is given by an S-value.   

In the present case, U1(λ) resembles the average spectrum of the peptide and shows the 

fluorescence peaks corresponding to emission from tryptophan at 350 nm and dansyl at 500 nm.  

The time-dependence of the average fluorescence is defined by SV1 (t), which shows a step 
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response to the temperature-jump.  The relaxation in SV2 (t) and SV3 (t) describes the time course 

of the spectral components U2 (λ) and U3 (λ) respectively.  SV2 and SV3 show a rise on the same 

timescale indicating that this relaxation corresponds to the rise in tryptophan emission at 350 nm 

and fall in dansyl emission at 500 nm with a wavelength shift.  The rise in donor emission 

concurrent with fall in acceptor emission is consistent with the idea of reduced energy transfer 

due to helix melting at higher temperatures.  Both SV2 and SV3 show a relaxation that can be fit 

to a single exponential with a timescale τ of 500 ns (τ = 1/krelax).  Since we have observed a very 

good agreement of our helix-coil equilibrium (CD) to a two-state thermodynamic model, we use 

a two-state model to relate krelax to the folding rate kF and unfolding rate kU as in Eq. 3-4. 
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The ratio of the folding and unfolding rates is related to the free energy of unfolding ∆G, 

which has been evaluated for each temperature and TFE concentration from our analysis of the 

CD data.  We can estimate the values of kF and kU from the experimentally measured τrelax and 

the estimated ∆G for each solvent condition.  We thus estimate the folding and unfolding rates of 

free IA3 for various TFE concentrations and temperatures.  

We observe that the overall relaxation rate is independent of variations in TFE (Figure 3-

6A) concentration, while the folding and unfolding rates vary linearly with TFE concentration on 

a semi-logarithmic scale.  This is to be expected as our free energy of folding shifts linearly on 

addition of TFE as in equation 3-1. The extrapolation of the folding and unfolding rates of IA3 at 

each temperature to zero TFE yields the folding and unfolding rates of free IA3 in water at that 

temperature (Figure 3-6B). 
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Figure 3-6: Fitted results of IA3 kinetic data with panel A showing the observed relaxation time 
for IA3 in different TFE concentrations and different temperatures.  The relaxation 
time is dependent on temperature, but not on TFE concentration.  Panel B focuses on 
the rates of relaxation for IA3 in different TFE concentrations at 25oC, and the 
extracted folding and unfolding rates (kF, kU) from equation 3-4.  These rates are 
extrapolated to zero TFE to estimate the folding and unfolding rates of IA3 in water at 
25oC.  

We can see that the folding rate of IA3 in water at room temperature is ~ 3.3 µs.  This is 

extremely slow in comparison with other folding rates observed for alpha helices in the protein 

folding literature where rates typically exceed 2×106/s.  We can conclude that in the absence of 

YPrA, IA3 is a very sluggish folder in comparison with other alpha helical peptides.  At 25oC  

Folding rate kF = 0.3 ± 0.04 /µs 

Unfolding rate kU = 3.3 ± 0.5/µs  

Observed relaxation time krelax = 3.6 ± 0.5/ µs 

Kinetics of IA3 Folding and Binding to YPrA 

We measure the relaxation of the complex formed by single mutant K16C-dansyl IA3 and 

the aspartic proteinase YPrA after a laser-triggered temperature jump.  We use pH 4.5 acetate 

buffer for our experiments with YPrA as it mimics the acidic environment of the vesicles in 

which YPrA is located in yeast cells.  Since IA3 has a very strong binding affinity with YPrA, a 

temperature jump cannot radically alter the population of IA3 bound to the protease.  This gives 

us a very weak signal and prevents us from measuring the dependence of the relaxation rates on 
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IA3 concentrations.  We use a slight excess of YPrA in our experiments, typically 50 µM YPrA 

and 40 µM IA3.  This ensures that all IA3 is bound to YPrA, and largely eliminates the 

fluorescence background from dansyl in free IA3.   

We observe a fast ~ 95 ± 20 ns relaxation for the complex in our CCD data (figure 3-7B) 

with a wavelength shift at the tryptophan and dansyl wavelengths after a temperature jump from 

17.3 to 23.8oC.  We also observe a fast 80 ± 12 ns relaxation in our photomultiplier data sensitive 

to tryptophan emission only.  This relaxation is faster than the relaxation that we observe for 

unbound IA3.  We also see a shift in wavelength for both dansyl in IA3 and tryptophan in YPrA 

(Figure 3-7A).  There are several such indications that this relaxation is the signature of an 

intermediate binding step in the coupled folding and binding interaction of IA3 with YPrA. 

 

Figure 3-7: Kinetics of coupled folding and binding interaction of IA3 with YPrA: Panel A 
shows the spectral response of the system with U1 (blue curve) resembling the 
average fluorescence of the system.  U2 and U3 (in green and red respectively) 
represent the wavelength shift of the tryptophan and dansyl fluorescence during the 
binding reaction.  Panel B shows the time relaxation corresponding to the wavelength 
shift in the tryptophan and dansyl, SV2 and SV3 are well fit by a single exponential 
relaxation 95± 20 ns.   

Discussion 

IA3 has the distinction of being the first specific inhibitor of an aspartic proteinase to be 

discovered.  We study the kinetics of the mechanism by which IA3 binds to YPrA and folds into 
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an alpha helix that blocks access to the enzyme active site.  Our approach first decouples the 

folding and binding aspects of the interaction, and monitors helix formation in free IA3.  The 

kinetics of the coupled folding and binding IA3- YPrA interaction are compared against this 

control scenario.  

Alpha-helix Formation in Proteins 

 Helix formation as one of the elementary events in the protein folding process has been 

the focus of several theoretical (152, 153, 154) and experimental studies (143, 148, 149, 154). 

Theoretical studies have recognized the role of two events in the helix formation process: (155, 

156) helix initiation or nucleation and helix propagation.  Helix initiation involves hydrogen 

bond formation between two residues on a chain separated by three peptide bonds and is 

entropically expensive.  Once the helix is initiated, the bond energy compensates for the loss of 

entropy due to fixation of each additional residue.  For the first turn in a peptide, this 

compensation is not available leading to a free energy barrier to the helix formation process. 

Helix initiation (155) can hold up the overall process of helix formation in short peptides, while 

helix propagation limits the rate of helix formation in long peptides.  It is estimated that peptides 

of 20-30 amino acids take 0.3-0.5 µs to fold into an alpha helix (152, 153).  This is also observed 

in experiments (100, 102, 111, 148, 149, 157, 158).  The N-terminus of IA3 is 32 residues long, 

and predicted to fold in 200-300 ns.  Our experiments with IA3 in TFE indicate a relatively 

sluggish folder that takes close to 3-5 µs to fold.  This would imply inefficient nucleation in the 

absence of stabilizing contacts with YPrA.  

 In the context of binding induced folding, a previous theoretical study of dimeric coiled-

coil GCN4 peptide folding has indicated that folding is faster with the collision of two 

unstructured chains than collision of two preformed helices.  This implies that the interaction of 
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unstructured chains precedes their folding.  A very similar scheme can also be envisaged for the 

interaction of the unstructured IA3 peptide with YPrA.  We discussed two simple schemes 

(Figure 3-1) in our introductory section.  The first scheme proposed a collision of helically 

folded IA3 with YPrA, leading to formation of specific contacts.  The second scheme proposed 

the formation of non-specific contacts prior to folding of IA3.  We can compare the folding 

kinetics of IA3 in water in the absence of YPrA (extrapolation of TFE results) and presence of 

YPrA to assess the virtues of above schemes.  

 
Figure 3-8: In the proposed model for interaction between IA3 (I) and YPrA (Y), binding of the 

unstructured IA3 precedes its folding into an alpha helix.  The formation of the bound 
intermediate (E) precedes the formation of the complex (C) of folded IA3 bound to 
YPrA.  Helix nucleation and folding are assisted by the binding interaction with 
YPrA. 

Scheme for IA3-YPrA Interaction  

We have observed a fast ~ 90 ns relaxation that is three times faster than the estimated 

folding rate (3.3 µs) or the unfolding rate ( 300 ns) of free IA3 in water at 25oC.  We do not see 

such a fast relaxation in control experiments with just K16C-dansyl IA3 or YPrA in isolation.  

Thus, the rates of the observed relaxation cannot correspond to the folding of free IA3 in 

isolation or a relaxation in the YPrA alone.  The spectral response also shows a change in both 

tryptophan wavelengths (belonging to protease) and the dansyl wavelength (corresponding to 

IA3).  This must signify a change in spatial separation or relative orientation of the tryptophan 
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residues of the protease and the dansyl in K16C-dansyl IA3.  We can conclude that the 90 ns 

relaxation cannot arise from the folding or unfolding step of the IA3 alone, but that it corresponds 

to an interaction between IA3 and YPrA.  Since the folding kinetics of free IA3 are significantly 

different from those of folding coupled to binding, and the spectral response shows a change in 

the fluorescence of both donor and acceptor, scheme I can be eliminated. 

Origin of Fast ~ 90 ns Relaxation 

 We now need to identify the source of the fast 90 ns relaxation.  For KI = 1nM, [IA3] = 

40 µM, [YPrA] = 50 µM and a relaxation of 90 ns, the simplest two state association model 

would have rates kON, kOFF that follow kON/kOFF = KI and kON [extra YPrA] + kOFF = 1/krelax.  We 

have 10 µM extra YPrA in our experiments, which suggests two possibilities.  One possibility is 

that the relaxation is large because the rate of association is large, i.e. the order of 1012 (Ms)-1.  

However, this result exceeds the diffusion-limited rate of 109 (Ms)-1 by several orders of 

magnitude and is therefore unphysical.  The other possibility is that the rate of disassociation is 

large i.e. of the order of 107/s.  This suggests a very weak association of IA3 and YPrA, which 

could lead to tight inhibition only if kON is also very fast. Even for diffusion limited association 

kON ~ 109(Ms)-1, the disassociation rate kOFF ~ 107(Ms)-1 gives [I] [Y]/ [E] = kOFF/kON ~ 0.01 M.  

This makes the binding affinity of IA3 for YPrA close to 1M.  In the light of the high binding 

affinity of IA3 for YPrA (KI ~ 1 nM), it is then difficult to explain the combination of weak 

association with very fast kinetics.  Even for diffusion limited association kON ~ 109(Ms)-1, the 

disassociation rate kOFF ~ 107(Ms)-1 gives [I] [Y]/ [E] = kOFF/kON ~ 0.01 M.  A sub-nanomolar 

binding affinity is possible in this scenario only if C is favored over E (figure 3-8) by a factor of 

107.  Since only a small population ~ 10% of IA3 is helically folded in water, this would 

necessitate an association that enhances the folded sub-population of IA3 by eight orders of 
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magnitude.  These estimates are hard to believe especially since the literature on folding and 

binding in proteins suggests typical association rates of 106(Ms)-1 and disassociation rates of 10-

100 /s (68, 69, 81). 

 Based on the above arguments, we conclude that the fast relaxation observed does not 

correspond to the association of IA3 with YPrA, but rather the folding/unfolding step in scheme 

II.  We also see an increase in donor signal, signifying an enhanced separation between 

tryptophan in YPrA and dansyl in IA3, due to unfolding of the IA3 helix at the active site.  We 

see a very fast 80-90 ns relaxation that is nearly threefold faster than the expected rate of IA3 

unfolding in water (~300 ns), implying that the binding interaction accelerates the 

folding/unfolding kinetics of IA3.  To achieve sub-nanomolar inhibition, the complex C should 

be favored over E, implying that the 80-90 ns relaxation is really dominated by the folding rate 

of IA3 (kF).  So,  kF >> kU, with kF + kU ~ (90ns)-1.  This implies that the relaxation we observe is 

the folding rate of IA3 in contact with YPrA.  Thus interaction with YPrA accelerates the folding 

process of IA3 by three orders of magnitude to a folding rate that is comparable to the rates of the 

fastest folding helices in the protein folding (100, 143, 148, 157) literature.  

Future Research 

Our studies point towards a mechanism of interaction where IA3 forms an encounter 

complex, and uses YPrA as a template to assist its folding.  Our studies have focused on the 

interaction of the N-terminus of IA3 with YPrA, as it is crucial to inhibitory action.  Studies 

indicate that N-terminal extension of IA3 peptides can relax the selectivity of IA3 towards YPrA, 

but the deletion or mutation of the C-terminus does not have such effects.  NMR studies show 

interactions between YPrA with C-terminal residues of IA3.  The 15N HSQC peaks for three 

residues in the C-terminus (G40, G62 and G64) are seen to broaden and then disappear with 

addition of sub-stoichiometric quantities of YPrA.  It is intriguing that the residues of the C-



 

87 

terminus interact with the protease, but they do not affect the equilibrium constant for inhibition.  

This suggests the interesting possibility of the C-terminus binding to YPrA by long-range 

contacts and forming the intermediate complex.  We could speculate that this steers the peptide 

so that the N-terminus can fold and bind to the active site.  This is similar to the fly-casting 

scheme (65), which suggests that long- range contacts initiate the formation of a bound 

intermediate that promotes folding and binding.  Future investigations of IA3-YPrA interaction 

kinetics with mutants would be useful in determining the nature of these interactions that 

stabilize the bound and folded state of IA3.   

Summary 

Our kinetic study of IA3 folding coupled to its binding interaction with YPrA is possibly 

the very first investigation of the events underlying the inhibition of YPrA by IA3.   

We have characterized the equilibrium thermodynamics of the helix to coil transition in 

free IA3 as a function of the helix promoting co-solvent TFE and temperature.  Our estimate of 

the free energy of unfolding ∆G for each solvent condition from the aforementioned analysis 

enables us to extract the folding and unfolding rates of free IA3 from its relaxation after a 

nanosecond temperature jump.  These rates can be extrapolated to water to estimate the folding 

rates of free IA3 in water.  The folding rates of free IA3 in water can then be compared to the 

relaxation observed following a thermal perturbation of a complex of IA3 and YPrA.  The fast 

relaxation in that system seems to indicate that IA3 and YPrA form a transient unfolded 

intermediate prior to forming the bound complex – Scheme II in figure 3-1.  Our observations 

point towards a fly-casting mode of interaction where the intrinsically disordered peptide 

interacts with YPrA forming an intermediate and then uses the protease as a template to facilitate 

its helical folding.   
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We have a better understanding of the events leading to inhibition of YPrA by IA3.  Our 

study does not directly identify the interactions at the residue level that stabilize the folded state 

of the peptide.  Simulation or experimental studies of mutants without key residues can enrich 

our understanding of the IA3-YPrA system at the molecular level.  Experiments suggest that the 

C-terminus of IA3 far from the binding domain interacts with the protease and yet does not affect 

the inhibition constant of the reaction.  Future experiments that identify the role of the C-

terminus would greatly enhance our current understanding of the specific details of the inhibition 

reaction.  
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CHAPTER 4 
HETEROGENEOUS FOLDING KINETICS OF TRYPTOPHAN ZIPPER  

Introduction  

The free energy surface of protein folding is visualized as a funnel (6, 7, 8, 159, 159, 160) 

where the protein moves from regions of high conformational energy (the unfolded state) to 

regions of low conformational energy (the folded state).  The topology of this folding funnel 

(160, 8) influences the folding route taken by the protein molecule.  If the shape of the free 

energy is such that the trajectories of all protein molecules are confined to a narrow region of 

conformational space, a single folding pathway can describe folding satisfactorily.  There are 

proteins whose energy terrain is such that the trajectories of different protein molecules pass 

through broad regions of conformational space.  The presence of multiple folding routes in such 

proteins is observed by different folding behavior in a variety of experimental studies (8, 119, 

161, 162, 163).  Kinetic studies of multi-state folding thus offer a unique insight into the events 

that drive folding as the protein explores its conformation and energy options by diffusion. 

Kramers theory of reaction rates (25) can effectively describe the effects of friction on the 

dynamics of diffusion for the protein.  The theory proposes that in the limit of strong frictional 

damping, the protein folding rates scale inversely with the frictional drag coefficient that appears 

in the Langevin equations of motion for the protein molecule in the medium.  This frictional drag 

is often attributed to the dynamic viscosity of the solvent ηs. Experiments on protein folding in 

different regimes of solvent viscosity (27, 28, 29, 34, 36, 37, 164) indicate the existence of two 

timescales.  One is the timescale determined by the friction external to the protein and varies 

with solvent viscosity (28, 37).  The second timescale is set by internal friction effects, which do 

not vary with solvent viscosity.  Studies have focused so far on the influence of solvent viscosity 

on the rate of folding along one pathway (28, 29, 32, 33, 34, 36).   
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Figure 4-1: Structure of tryptophan zipper TZ2 shows the side chains of four tryptophan residues 
Trp2, Trp4, Trp9 and Trp11 respectively.  The stacking interactions between these 
indole side-chains hold the tryptophan zipper structure together.  The above figure is 
generated from the PDB file 1le1 using PYMOL software.  

A recent study on effects of solvent viscosity on protein folding dynamics has suggested 

that under different conditions of solvent viscosity (41), the folding pathway itself could change.  

This study predicts that at low solvent viscosities, internal friction hampers the formation of 

short-range contacts.  So the folding route is chosen such that long-range contacts are formed 

swiftly.  Conversely, at high solvent viscosities, short-range contacts form earlier as the bulk 

diffusion of peptide in solvent is greatly restricted.  Our kinetic studies of multi-state folding in 

tryptophan zipper TZ2 enable us to test this prediction.   

The tryptophan zipper is a 12-residue polypeptide chain designed by Cochran (165) et al 

that forms a beta-hairpin held together by stacking interactions between four tryptophan residues 

in the peptide.  We focus on the tryptophan zipper TZ2 with sequence SWTWENGKWTWK 

(figure 4-1).  Tryptophan zippers are model systems (30, 119, 166) for the study of beta hairpin 

formation in proteins.  Circular dichroism studies of TZ2 and other tryptophan zippers exhibit a 

spectrum characteristic of exciton splitting due to the interactions (figure 4-2A) between the π-
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electron clouds of the tryptophan residues (167).  A couplet is observed with a maximum near 

227 nm and a minimum near 215 nm, resulting from the dipole-dipole interaction between 

tryptophan residue pairs in close proximity (165).  Besides a distinctive CD signal, tryptophan 

fluorescence and infra-red absorption can also be used as a probe of the folding transition (30, 

119, 165, 166).   

Heterogeneous Folding of TZ2: Background 

TZ2 is a very stable peptide that does not unfold completely even at temperatures of 85oC 

(119, 165, 166).  Studies of TZ2 folding at different concentrations of denaturant and 

temperature (119) have indicated that at high denaturant concentrations ~ 6M GdnHCl, CD and 

fluorescence indicate an apparent two- state folding with the same midpoint temperature Tm.  At 

lower denaturant concentrations of 0-5M GdnHCl, different midpoint temperatures are indicated 

by CD and fluorescence studies with a disparity of larger than 20oC in the midpoint 

temperatures.  MD simulations (119) of the thermal transition for parameters like fraction of 

backbone hydrogen bonds, radius of gyration etc also showed three clusters of melting 

temperatures (Tm ~ 30oC, 65 -75oC and 160oC).  The distribution of free energies for the different 

parameters sampled by simulations, indicated a bumpy energy landscape with several local 

minima separated by significant energy barriers for TZ2 at low temperatures.  T-jump 

measurements of TZ2 folding kinetics using a two-state folding model have determined the 

folding time of 1.8 µs and unfolding time of 18 µs (30).  These rates agreed well with 

accompanying simulations that predict a folding time of 3-6 µs and unfolding time of 14-20 µs.  

Heterogeneous folding kinetics have been observed in temperature-jump triggered 

fluorescence emission and infra-red absorption studies (166, 168) of TZ2 folding at different 

temperatures.  Wavelength-dependent fluorescence kinetics were reported in T-jump 
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fluorescence studies (168).  The TZ2 relaxation was observed to occur by a fast ~100 ns 

relaxation attributed to enhanced tryptophan mobility and a slower ~ µs relaxation attributed to a 

breaking of the TZ2 core and solvation of tryptophan residues in TZ2.  The study also reported 

an intriguing temperature dependence of the wavelength-dependent kinetics.  At low 

temperatures (T < 45oC) TZ2 would exhibit one relaxation for probed wavelengths, and different 

relaxations for probed wavelengths at higher temperatures.   

The more recent study of folding in TZ2 variants focused on relaxation of amide I’ 12C=O 

vibrational modes corresponding to loss in beta-strand structure and gain of disordered structure 

(166).  Different relaxations were observed for these different modes at low temperatures (T < 

40oC) with the loss in beta structure relaxing faster than the gain in disordered structure after a 

temperature-jump of 10oC.  Labels with 13 C on selected amide C=O positions on opposite 

strands of TZ2 were added to probe the effects of altered cross-strand interactions on the folding 

dynamics.  The different bands probed (including the 13C- amide band) relaxed with different 

rates at temperatures below 40oC.  The relaxation of the 13C-amide band in mutants with 13C 

labels in the middle of the hairpin resembled the relaxation of the 12C-amide band that 

corresponds to loss of beta-strand structure.  In mutants with labels near the turn, the 13C band 

relaxation coincides with 12C –band relaxation corresponding to rise of disordered structure.  In 

mutants with labels near the ends, the same relaxation was slower than the relaxation of the band 

corresponding to rise in disordered structure and faster than the 12C=O band corresponding to 

loss of beta-strand structure suggesting a partially folded intermediate.  The observation of a 

fairly stable core in TZ2 mutants was interpreted to suggest an unfolding mechanism, which 

proceeded from the terminals to the center.   
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We are motivated to understand this heterogeneity in folding behavior in TZ2 by studying 

the kinetic response of TZ2 fluorescence after a temperature-jump at different temperatures and 

in solvents of varying viscosities.  We need to add guanidine hydrochloride to enhance the 

temperature-jump signal as the fraction of unfolded TZ2 molecules is very small (~10%) at room 

temperature in plain buffer.  Addition of guanidine hydrochloride increases the fraction of 

unfolded TZ2 by reducing the denaturation (melting) temperature of the peptide.   

 We vary the viscosity of solvents by adding ethylene glycol (0-50% by weight) (33) to      

50 mM phosphate buffer maintained at pH 7.0.  The kinematic viscosity of solvents with 

ethylene glycol (maximum ~ 4× ηwater) was measured by Leslie Pelakh in our laboratory with a 

Cannon-Fenske viscometer immersed in a temperature-controlled water bath.  It is important in 

such studies (165) to verify that the stability of the protein is not affected by the change in 

solvent composition.  Therefore, we employ equilibrium circular dichroism (CD) to characterize 

the folding transition of TZ2 in ethylene glycol at various temperatures.  We observe that 

although ethylene glycol enhances the viscosity of the protein solvents, it does not stabilize or 

destabilize the folded state of TZ2.  We then study the folding kinetics of TZ2 in five different 

concentrations of ethylene glycol from 0-50% by weight in buffered solutions of pH 7.0 with 2M 

guanidine hydrochloride.   

 We observe two relaxations in our temperature-jump experiments; one is fast (~100 ns) 

while the other is slow (~ µs) and well described by a single exponential.  These two relaxations 

correspond to changes in tryptophan fluorescence intensity and a red shift in wavelength of peak 

emission of tryptophan in TZ2 after the temperature-jump.  As we alter the conditions of 

temperature and viscosity, we observe different kinetic responses for the change in fluorescence 
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intensity and the wavelength shift in the fluorescence of TZ2.  These responses are the kinetic 

signatures of different events in the folding process for TZ2.  

Results  

Circular Dichroism Spectroscopy 

  CD spectra for TZ2 (~ 32 µM) in 50 mM phosphate buffer (pH 7.0 ) with 2M GdnHCl and 

varying concentrations of ethylene glycol show the characteristic exciton splitting at 215 nm and 

227 nm (167).  The intensity of these peaks is reduced as the temperature is raised, melting the 

peptide.

 

Figure 4-2: CD signal for TZ2 in pH 7.0 phosphate buffer + 2M GdnHCl shows a peak at 227 
nm and a dip in ellipticity at 215 nm.  The intensity of signal at these wavelengths 
drops with increasing temperature as seen in panel A.  There is good agreement 
between the data (black) and the fit to a two-state model (red).  The stability of TZ2 is 
unaltered by addition of ethylene glycol, as shown by horizontal contours (panel B). 

The CD signal at the highest temperature of 94.7oC is not however the spectrum of a fully 

unfolded peptide.  All spectra are fit to a two-state model to estimate the thermodynamic 

parameters (∆G) of the thermal melting of TZ2.  The stability of TZ2 folding (∆G) as a function 

of temperature and ethylene glycol concentration is seen to be unaffected by the presence of 

ethylene glycol (horizontal isostability contours in figure 4-2B).  Our CD results verify the 
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negligible stabilizing or destabilizing effect of ethylene glycol on the stability of the folded state 

of TZ2 (31, 33).  

Kinetics of TZ2 Relaxation after Temperature-jump   

The laser temperature-jump instrument, which uses a CCD camera to record a time- resolved 

fluorescence emission spectrum of the peptide after an IR pulse, is described in detail in chapter 

2.  The data analysis is based on singular value decomposition (appendix A-1).   

We observe two contributions to our acquired fluorescence data.  The spectra 

corresponding to these components of our signal, (figure 4-4A and B) U1 and U2 represent the 

average fluorescence emission of the TZ2 peptide with a peak at 350 nm and the red shift in the 

peak wavelength of TZ2 emission, respectively.  The relaxations that correspond to the evolution 

in time of spectra described by U1 and U2  are distinctly different (168).   

 

Figure 4-3: Comparison of fluorescent response of free tryptophan in N-acetyl tryptophan amide 
(NATA) and tryptophan residues in TZ2 in phosphate buffer at pH 7.0 with 2M 
GdnHCl after a temperature jump of 9.7oC is shown above.  The post-trigger 
fluorescence data for NATA (open circles) shows no relaxation, while the post-trigger 
data for TZ2 (closed circles) shows a fast ~ 100 ns relaxation.  

The fast relaxation ~ 100 ns in the fluorescence intensity (corresponding to V1) has been 

previously observed.  It has been attributed to (168) a weakening of the stacking interactions 
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between the indole side chains of TZ2.  The shift in intensity stems from the lesser degree of 

quenching of tryptophan emission by contact with other tryptophan residues by contact with 

adjacent tryptophan residues as the tryptophan-tryptophan interactions break apart during 

unfolding.  This relaxation is not observed in a control experiment with free tryptophan in same 

solvent as TZ2 at same temperatures (figure 4-3).  

 

Figure 4-4: Fluorescent response of 120 µM TZ2 in 50 mM phosphate buffer at pH 7.0 and 2M 
GdnHCl to a temperature-jump of 8-10oC is shown in panels A-C. The mean 
fluorescent spectrum and its first derivative (spectral shift in wavelength) in panel A 
can be compared to the spectral eigenvectors U1 and U2 obtained after singular value 
decomposition of the fluorescence data for TZ2.  The kinetic relaxation of the spectral 
shift corresponding to U2 is shown in panel C for different temperatures 25oC, 35oC 
and 52oC.  A vertical offset is added to the data (full circles) at different temperatures 
to make the distinction between the kinetics at different temperatures clearer.  The 
kinetic data is fit to single exponentials (fits indicated by dotted lines), and error 
estimates calculated using a bootstrap analysis. 
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The second relaxation corresponds to U2, which resembles the first derivative (dU1/dλ) of 

the mean spectrum given by U1.  This derivative is the red shift in the peak wavelength of 

tryptophan emission and relaxes on slower, microsecond timescales (168).  This relaxation has 

also been observed previously, and has been attributed to a solvent exposure of tryptophan side 

chains as the hairpin unfolds.  We are able to fit the relaxation in V2 to a single exponential.  

Figure 4-4C shows the relaxation in V2 for TZ2 at different temperatures (25-55 oC).  We see a 

progressive speeding of the relaxation as temperature is raised from 25oC (τ∼ 6 µs, blue circles) 

to 35oC (τ ∼ 3 µs, green circles) to 55oC (τ∼ 1.6 µs, red circles).  

Intensity 

Shift in peak λ

Intensity 

Shift in peak λ

Intensity 

Shift in peak λ

 

Figure 4-5: Shift in fluorescence intensity and red shift in peak wavelength of fluorescence at 
low viscosities (blue) and high viscosities (orange)  

The relaxations in V1 and V2 occur independently (blue arrows in figure 4-5), as there is no 

evidence of a fast relaxation in the spectral shift on those timescales .  As viscosity increases, a 

fast relaxation is also observed in the spectral shift (orange arrows in figure 4-5).  This suggests a 

scheme of events after the temperature jump where TZ2 unfolds by a fast weakening of the 

cross-strand interactions holding together its hairpin structure and a simultaneous solvent 

exposure of the tryptophan residues.  This is followed by another slower solvent exposure of the 

core residues in TZ2.  So, a change in the unfolding mechanism is clearly visible at different 

regimes of solvent viscosity (figure 4-6).  
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At high temperatures and low solvent viscosities, we see only one relaxation (figure 4-6B 

and 4-6D).  We could interpret this as the kinetic signature of a more ‘two-state like’ folding 

behavior of TZ2.  In solvents of higher viscosity, relaxation in the wavelength shift of TZ2 at 

high temperatures still contains a fast component (figure 4-6D and F).  The fast component is 

significantly weaker than at low temperatures (compare figure 4-6E and 4-6F). 

 

Figure 4-6: Viscosity dependence of relaxation of spectral shift at 35oC and 52oC.  At low 
temperatures and viscosities, a slow relaxation in the wavelength shift is observed.  
At higher viscosities, we see a fast relaxation in the wavelength shift as a shoulder on 
the slower µs relaxation.  The presence of a slow and fast relaxation is weakened by 
raising temperature to 52oC.  

The variation of observed relaxation in spectral shift with solvent viscosity is shown in 

figure 4-7.  At high temperatures (45oC and 55oC), the observed relaxation in V2 varies linearly 
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with solvent viscosity (0.8 – 2.5 mPa s).  At lower temperatures, the observed relaxation rates in 

V2 vary in a non-linear fashion as viscosity increases from 1 – 3.6 mPa s). 

 

Figure 4-7: Observed relaxation time of spectral shift (∆λ) after a temperature-jump to various 
final temperatures in solvents of varying viscosities is interpolated to temperatures 
25-52oC.  These interpolated times are fit to the best linear function of the solvent 
viscosities at those temperatures.  At high temperatures, there is a good agreement 
between a line fit and the actual data. The dotted lines represent the best linear fit, 
while the data are shown in circles.  

 The observed relaxation for TZ2 at a particular temperature is the kinetic signature of its 

diffusion along its folding free energy landscape.  A protein with one folding pathway would 

exhibit one single relaxation, which slows down with increased solvent friction.  The plot of 

observed relaxation rate versus solvent viscosity would then be a straight line.  When the protein 

can access multiple folding routes, it takes different folding routes at different conditions of 

solvent viscosity.  The change in slope of the plot of observed relaxation rates with change in 

solvent viscosity would then be an indicator of a change in the folding route adopted by TZ2. 

Thus, this result also serves as an experimental verification of Pande and Rhee’s prediction 

(41) that changes in solvent viscosity shift its folding pathway.  However, the exact interpretation 

of the changes in the folding pathway at different solvent viscosities differs subtly.  We shall 
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discuss the expected changes in the folding pathway as predicted by Rhee’s results and our 

observations of the changes in the folding pathway in TZ2 in the next section.  The non-linear 

response of TZ2 folding kinetics to increases in solvent viscosity is more pronounced at low (T ≤ 

35oC) temperatures.  This suggests that TZ2 folding tends to be multi-state at these temperatures.   

Discussion 

The rate at which a polypeptide chain diffuses through the solvent physically (28, 29, 36, 

37) limits the overall rate of protein folding.  Both solvent friction external to solvent, as well as 

internal friction due to intra-chain interactions influences the diffusional dynamics of the protein.  

Similar experiments in the past have focused on simple proteins with one folding pathway (28, 

29, 37, 157), where different sources of friction influence the rates of folding along the folding 

route differently.  Our studies of TZ2 folding in different regimes of solvent viscosity indicate 

that these different sources of friction can also influence the folding route adopted by the protein. 

TZ2 folding has been observed to be heterogeneous at varying conditions of temperature 

and denaturant concentration.  The interpretation of this heterogeneity has been different in 

different studies probed by UV-circular dichroism, fluorescence, and infrared absorption inTZ2 

(30, 119, 166, 168).  One previous study of TZ2 folding kinetics at different temperatures in 2M 

GdnHCl observed two different microsecond relaxations at temperatures exceeding 45oC.  These 

relaxations corresponded to the fluorescence intensity of TZ2 at different wavelengths (168) and 

were attributed to sampling of different local minima on the free energy landscape.  A recent 

study found this heterogeneity in folding kinetics to be temperature-dependent but with multi-

state folding at low temperatures and two-state like folding at high temperatures.  This was 

explained in terms of the rougher folding energy landscape for TZ2 at low temperatures (166).  

Our studies of TZ2 folding in phosphate buffer with 2M GdnHCl definitely confirm the 

multi-state nature of folding at low temperatures.  The fluorescence intensity and the peak 
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wavelength of the fluorescence emission traverse different trajectories along the energy 

landscape as shown (figure 4-3) by the different relaxations in the V1 and V2 kinetic vectors over 

all wavelengths.  We observe a fast ~ 100 ns relaxation in V1 for the mean fluorescence intensity 

followed by a slower ~ µs relaxation for the red shift in wavelength for TZ2 emission.  The fast 

relaxation of the fluorescence intensity can be attributed to the weakening of stacking 

interactions holding the hairpin together.  The slower wavelength shift is the effect of a slower 

solvation of residues involved in the stacking interactions.  This suggests an unfolding  

mechanism where the interactions holding the TZ2 hairpin structure together break apart first , 

followed by slower solvation exposure.  As solvent viscosity is enhanced, the relaxations 

progress from being independent (figure 4-4 and 4-5A) to the situation where both fast and slow 

relaxations are observed in the red shift in wavelength.  The  mechanism of unfolding the hairpin 

now progresses by  a fast simultaneous rupture of the interactions holding the hairpin together 

and solvent exposure of the tryptophan residues in the core, followed by a slower solvent 

exposure of core residues.  This is a change in the folding route adopted by the protein molecule.  

This change in the folding route can be induced by a subtle shift in the balance of influence from 

friction external to the protein and internal friction internal to the protein.  The influence of 

solvent viscosity on the folding routes is weakened at high temperatures (figure 4-5B and 4-5F).  

In fact at low solvent viscosities and high temperatures, TZ2 folding resembles a two-state 

transition.  

Our experiments demonstrate the use of solvent-tuning the folding pathways adopted by 

TZ2 at various temperatures (figure 4.6).  The rough free energy landscape accessible to TZ2 can 

be ‘smoothed’ by increases in temperature (119, 166).  The solvent friction on the other hand 

influences the roughness of the same landscape in a complex manner.  So, if increases in 
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temperature can change the folding of TZ2 from multi-state to apparent two-state folding, 

increases in medium friction can potentially enable TZ2 to sample multiple folding routes (figure 

4-5) even at higher temperatures.  A recent study by Pande and Rhee predicted that at low 

solvent viscosities, the protein folding would occur by early formation of long-range contacts.  

At high viscosities, it would occur by early compaction followed by formation of long-range 

contacts.  Our studies of  TZ2 folding kinetics suggest a different change in folding mechanism.  

At low solvent viscosity (~ηwater), unfolding occurs by a fast rupture of  the hairpin followed by 

solvation of the core.  Reversibly, folding would occur by solvent exclusion (compaction) 

followed by long-range contact formation.  At high solvent viscosity (~ 3-4× ηwater), we observe 

the kinetic signature of a folding mechanism that involves simultaneous compaction and 

interactions between the cross-strands of TZ2.  

The access to different folding routes can enable an enriched understanding of the energy 

landscape of folding for TZ2 and the different possible schemes of events underlying the 

formation of beta hairpin structure in TZ2.  It also opens up the possibility of future experiments 

on TZ2 mutants with site-specific fluorescent labels, so that we may understand better the events 

that limit the rate of hairpin formation in TZ2.  These events could include turn formation and 

the formation of contacts that stabilize the core of TZ2. 

Conclusions 

 Kinetic studies of TZ2 folding in solvents with varying concentrations of ethylene glycol 

are conducted to study multi-state folding at different conditions of solvent viscosity and 

temperatures. The fluorescence intensity and the peak wavelength of the fluorescence emission 

traverse different trajectories along the energy landscape as shown (figure 4-3) by the different 

relaxations in the V1 and V2 kinetic vectors over all wavelengths. This confirms the (30, 119) 
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heterogeneous nature of TZ2 folding.  We also investigate the temperature dependence of this 

heterogeneity in folding for different conditions of solvent viscosity and observe that folding is 

more multi-state at low temperatures and more like a two-state transition at high temperatures.  

Increases in solvent friction enhance the multi-state folding behavior, even at high temperatures 

of 55oC.  The non-linear kinetic response at different experimental conditions of solvent 

viscosity experimentally verifies the (41) prediction that folding pathways are influenced by the 

diffusional properties of the protein and its environment.  
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CHAPTER 5 
CONTACT FORMATION IN POLYPEPTIDES 

Introduction 

Protein folding begins from an ensemble of random-coil like configurations for the 

unfolded polypeptide chain, which proceeds to the final folded state by formation of contacts 

between residues of the chain. The first contact (12) between any two regions of the chain is an 

important event (23) that initiates the compaction of the chain and the formation of secondary 

structural elements such as turns, hairpins and helices.  This event is termed as contact formation 

or loop formation in the protein folding literature. It sets the limit for the protein folding process, 

as a protein can fold only as fast as its folding nucleus can form.  Theoretical estimates of rates 

of contact formation have used simple polymer models for the unfolded polypeptide chain (18, 

169) to estimate the rates at which its ends diffuse towards each other in solvent.  Experimental 

measurements of intra-chain diffusion rates of the ends of a polypeptide chain (22, 23, 24) 

indicate a rate of contact formation ~ 107/s or (100 ns)-1 for very short polypeptides and slower 

rates for longer loops.  This chapter focuses on studies of intra-chain diffusion in polypeptide 

chains in aqueous solvent and the effects of loop length, temperature and solvent viscosity on the 

rates of loop formation.   

Background: Experiments on Contact Formation 

Energy transfer methods such as FRET and triplet-triplet energy transfer (TTET) are used 

to estimate the rate of loop formation in peptides (170) and nucleic acids (171).  Studies of end-

to-end loop formation kinetics in peptides with seven to twenty amino acids show that the time 

of formation of longer loops are in agreement with times predicted by SSS theory i.e. 2/3n∝τ .  

For short loops with four to six amino acids between terminal amino acids, however the time of 

loop formation saturates at 100 ns.  
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While contact formation between termini of the polypeptide chain has been subject to 

theoretical and experimental investigation, the more interesting and biologically relevant case of 

internal loop formation where two non-terminal points in the chain make a contact has not been 

as well studied.  The only study (172) that we are aware of, measures loop formation rates for 

peptides labeled with synthetic dyes.  The rates of loop formation decreased with increasing tail 

length in loops with tails added to one end and loops with tails added to both ends.  In general, 

the presence of tails on both ends of the termini greatly lower the speed of contact formation as 

compared to the presence of a tail at one end.   

 

Figure 5-1: Flash photolysis scheme for monitoring intra-chain diffusion via energy transfer 
between contact forming monomers. The sample is excited by trigger at time t in 
stage (i), causing donor excitation to triplet state (color change from black to brown) 
in stage (ii).  Contact formation in (iii) precedes energy transfer (iv) which can be 
measured by monitoring relaxation of donor triplet at variable time delays τD 

Rationale for our Experiments 

Our motivation is to study the process of contact formation in chains with and without tails 

(external and internal loops) so that we may truly understand what parameters exert a rate-

limiting influence on the rates of this process.  I choose the triplet-triplet energy transfer (TTET) 
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method for our studies of contact formation in polypeptide chains, as it is a more sensitive and 

specific probe of contact formation, compared to FRET.  The mechanisms for TTET and FRET 

differ in that actual overlap of electron clouds is essential for TTET.  Therefore, it is more 

reliable as a reporter for loop formation than FRET.  I use tryptophan and cysteine as triplet 

donor and acceptor respectively, in our experiments (figure 5-1). Quenching of the triplet state 

can occur by electron transfer after diffusion-limited collision with the sulphydryl (125) group in 

the amino acid cysteine.  This quenching reduces the tryptophan-triplet relaxation lifetime 

making it a useful probe of diffusion-limited contact formation in polypeptide chains with 

cysteine and tryptophan monomers (figure 2-9).  

Results 

Optimization of the Transient Spectroscopy System 

The transient spectrometry set-up is capable of acquiring multi-wavelength spectra over 

wavelengths 400-700 nm at sub-millisecond time delays with nanosecond time resolution. 

Energy transfer experiments reported in the contact formation literature typically probe sample 

response at a single wavelength.  Multi-wavelength data provides additional information and 

thus a more global view of the system response.  This system is designed to excite molecules 

which can absorb 260-290 nm light, such as tryptophan (λmax = 280 nm) in peptides.  

The system performance is optimized with the complex of carbon monoxide and protein 

cytochrome c (11), which is photolyzed by the UV beam.  Cytochrome c contains a heme group 

that binds to specific ligands His18 and Met80 in the natively folded protein in the absence of 

carbon monoxide.  It can be unfolded under destabilizing conditions by the preferential binding 

of carbon monoxide to the haem group.  This complex is photo-disassociated by a laser pulse 

after which the haem group rebinds to its ligands in the protein while sampling the 
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conformational space available to it.  Thus, the laser pulse initiates a conformational change 

(figure 5-2) in the protein.  Time-resolved difference absorption spectroscopy (A(λ,t) - A(λ, t = 

0) in the region of the Soret band associated with the haem group (400-430 nm) at time delays 

from 10 ns to 100 ms can be used to monitor this conformational change. 

 

Figure 5-2: Systems check with 3 µM Cytochrome c + CO, whose differential absorbance (A) 
can be resolved into (B) spectra ui relaxing on timescales given by vi. The huge 
change in absorbance is due to the re-binding of haem in protein with its ligands.  

     I can observe the change in absorption of the cytochrome c after flash photolysis at ~ 

417 nm over logarithmic timescales spanning nanoseconds to seconds.  The alignment of the 

transient spectrometry system can also be optimized by observing the magnitude of the change in 

absorbance after photolysis of this sample.  

Characterization of Tryptophan Photochemistry  

I have observed the spectra of transients (figure 5-3) generated after laser photolysis of 

aqueous solutions of tryptophan and their relaxations on the microsecond timescale. Singular 

value decomposition of our absorption spectra yields triplet spectrum at 460 nm and neutral 

radical at 510 nm.  The time-evolution of these spectra can be fit to a single exponential on 
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microsecond timescales.   A 5 µs relaxation is observed for the tryptophan triplet despite 

meticulous sample preparation and system optimization.  This does not match literature values of 

38 µs for tryptophan triplet relaxation.  I observe a relaxation of 53-70 µs for the neutral radical, 

which is comparable to a slow ~ 60-100 µs relaxation attributed to it in the literature. 

 
 
Figure 5-3:  Absorption spectra for free tryptophan in pH 7.0 phosphate buffer shown in panel A 

is resolved into major spectral contributions to the signal (lower two panels) and their 
evolution in time (SV1 and SV2) shown in panel B. 

Determination of Power Law Dependence for Tryptophan Triplet Relaxation  

The tryptophan triplet can relax by multiple pathways (chapter 2, Eq 2-10).  Previous 

studies (22, 173, 174) of tryptophan triplet relaxation in the context of triplet-triplet energy 

transfer experiments have assumed that the triplet state decays exponentially with time.  This is 

true only when the mechanism of triplet relaxation is not triplet-triplet annihilation or triplet 

quenching by oxygen. If triplet concentration is relatively low (~10-50 µM), the triplet prefers to 

relax by an exponential decay or oxygen quenching.  Under concentrations of high concentration 

(> 100 µM), the triplet is de-excited pre-dominantly by a bimolecular annihilation mechanism. 

For the T-T annihilation reaction, 
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This functional form in Eq.5-1 demonstrates the power law dependence of triplet 

relaxation times. We verify this for different concentrations of tryptophan.  We observe that the 

higher the tryptophan concentration, the faster the triplet decay, implying an increased triplet-

triplet annihilation. This also explains our consistently measured relaxation times of 5 µs for the 

triplet of tryptophan (TrpT).   

 

Figure 5-4: The tryptophan triplet relaxation (absorption maximum at 450 nm) fit to a single 
exponential and power law decay 

 Figure 5-4 plots the kinetic data at wavelength 450 nm corresponding to the peak in 

tryptophan triplet absorption to a single exponential decay and decay described by above 

equation.  The plot clearly demonstrates that the triplet relaxation is fit best by a power law and 

not by an exponential decay.  
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Tryptophan Triplet Lifetimes and Oxygen Quenching  

The triplet relaxation in the presence of oxygen quenching and triplet-triplet annihilation 

can be summed up by Eq 5-2. 
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The rate of oxygen quenching kox is an order slower than the rate of triplet-triplet 

annihilation kTT.  The functional form of triplet relaxation in Eq.5-3 is given by a combination of 

annihilation and oxygen quenching mechanisms. 

)2exp())/((1
)2exp())/(()(

2

2))/(1/1(
)(

)0(];[

2/][

]][[][2][

ln

0

2

2
2

tmkmCC
tmkmCmCty

tmk

dtkmyydy
myy

dy

CtyTrpy
kOkm

TrpOkTrpk
dt

Trpd

TT

TT

TT

y

C

t

TT

y

C

y

C

T
TTox

T
ox

T
TT

T

my
y

−+−
−+

=

−=

−=+−=
+

===

=

+=−









+

∫∫∫            [5-3] 

  Figure 5-5 is a simulation of the change in tryptophan triplet concentration over time 

assuming a fixed oxygen concentration of 14 µM and variable initial triplet concentration (from 

3-300 µM).  The concentration of oxygen is calculated from the concentration of ambient oxygen 

in water (250 µM) and deoxygenation parameters.   

The results are dominated by the triplet-triplet annihilation reaction at triplet 

concentrations exceeding 30 µM.  At lower concentrations, the relaxation of the tryptophan 
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triplet is markedly different.  Thus, for the purpose of our experiments, we can say that the triplet 

relaxation occurs ~ kTT  due to triplet-triplet annihilation.  

 Very few experimental studies on tryptophan photochemistry and loop formation using 

tryptophan photochemistry actually (126) address the issue of triplet-triplet annihilation. The 

observed values of 40 µs for tryptophan triplet relaxation reported in the literature are valid as 

they have been reported for experiments involving low concentrations of tryptophan triplet (~ 

10-30 µM) after meticulous deoxygenation, so that the mono-exponential decay is the only major 

relaxation pathway.   

 

Figure 5-5: Triplet relaxation as a function of triplet and oxygen concentration  

Challenges and Bottlenecks 

Progress in determining an accurate relaxation time for the tryptophan triplet has been 

hampered by the following factors: 
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• The raw absorbance signal shows two signals at 460 nm and 510 nm decaying rapidly on 

different timescales.  The neutral radical has a large broad peak at 510 nm and a very 

slow relaxation time of about a hundred microseconds.  The decay of this species also 

occurs by an annihilation reaction on a slower timescale.  This greatly affects our analysis 

of triplet state kinetics. 

• Tryptophan is easily photo-bleached by UV light.  This affects our signal levels over the 

time of an experiment.  A typical experiment uses 1500 UV shots, for optimal signal to 

noise.  This is also close to the number of UV shots after which tryptophan signal drops 

by 1/e (figure 5-6).  This makes alignment with tryptophan cumbersome.  

 

Figure 5-6: Photo-damage of tryptophan by repeated UV irradiation in an experiment.  A 
solution of free tryptophan (3 ml, 0.1mM) in phosphate buffer is sealed in a 1 cm path 
length absorption cell, and subject to flash photolysis repeatedly in our transient 
spectrometry setup.  Each experiment involves 1800 excitation events or UV laser 
shots.  The fluorescence of the tryptophan sample is monitored after each successive 
irradiation on a JASCO FP-750 fluorimeter. It shows the irreversible photo-damage to 
tryptophan during experiments.  We typically start with 0.35 micromoles and lose 
almost half of it after one experiment. We are unable to get a signal from our sample 
after three experiments, as indicated by the negligible fluorescence of the tryptophan 
sample in figure.  
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Discussion 

The formation of a loop in a polymer chain of amino acids is a significant step (13, 22) 

towards the folded state of the protein.  The accurate estimation of these rates is very essential 

for a better understanding of the mechanism of protein folding.  Energy transfer methods have 

been used to probe the diffusion-limited rates of loop formation in polymer chains tagged with 

optically excitable molecular probes.  The observed kinetics have been fit to simple models for 

polymer chains diffusing in solvent enabling an estimate of the speeds at which intra-chain 

diffusion of an unfolded polypeptide chain can initiate the creation of a loop.  Experimental 

studies of loop formation have focused largely on the rates of formation of external loops and 

their dependence on factors such as loop length, temperature, amino acid composition and 

solvent viscosity.  A very recent study has also investigated the slowing effect of tails of residues 

external to the loop, on rates of loop formation.  

None of the studies mentioned so far addresses the role of excluded volume interactions 

and their effect on loop formation kinetics in exterior and interior loops.  

The motivation in studying loop formation in polymer chains 5-20 amino acids long was to 

investigate the change in rates of loop formation with and without tails as a consequence of 

excluded volume interactions between segments of the loop.  Towards this end, I constructed a 

transient spectroscopy system capable of probing the diffusion limited energy transfer between 

tryptophan and cysteine separated by glycine-glutamine-alanine repeats in amino acid chains of 

5-20 residues.  Cysteine is known to quench the triplet state of tryptophan most effectively 

among amino acids, by a mechanism that involves actual overlap of electron clouds. Our 

rationale for using this system is that the triplet state relaxation provides a sensitive and specific 

probe of actual contact preceding the formation of a loop.  
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 I have been able to characterize the triplet state of tryptophan in the wavelength and time 

basis.  I am unable to determine the tryptophan triplet relaxation accurately due to the presence 

of other transients with a large optical signal in the wavelength region of our interest. The low 

triplet yield of tryptophan necessitates the use of high concentrations ~ 50-100 µM for our 

experiment.  This results in relaxation of tryptophan by other mechanisms like triplet-triplet 

annihilation.  The complex relaxation kinetics makes it harder to obtain a reliable estimate of the 

relaxation rate.  The enhanced tryptophan concentrations also result in the production of other 

photoproducts in high concentrations.  These photoproducts interfere with the effective 

resolution of tryptophan triplet relaxation.  The low threshold for photo-damage is also a 

concern. Future studies that overcome these challenges by the possible use of flow techniques to 

avoid tryptophan photo-damage and optimized concentrations to minimize quenching and radical 

creation could enable a better understanding of one of the fundamental events in the folding 

process.  

Conclusions 

 We have characterized and optimized a transient spectroscopy system capable of 

acquiring multi-wavelength spectral data at strategically chosen time delays on the sub-

millisecond timescale with nanosecond time resolution.  

 We have characterized the relaxation of our probe molecule, the triplet state of 

tryptophan in wavelength and time.  We have been able to observe the triplet peak at 450 nm, as 

well as its relaxation on the microsecond timescale.  

 We have also been able to observe kinetics for the relaxation of the tryptophan triplet that 

is fit well by a power law.  This relaxation corresponds to a triplet-triplet annihilation 

mechanism.  We have also seen the effect of oxygen quenching on triplet relaxation time, and 
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note that relaxation of the tryptophan triplet is more sensitive to the bimolecular annihilation 

reaction than oxygen quenching.  This result is valid only for high concentrations of tryptophan 

triplet ([Trp*] >> 50 µM).   

Previous studies of diffusion limited contact formation probing tryptophan triplet 

relaxation have employed kinetic information at one single wavelength of interest.  Our multi-

wavelength studies highlight the rich complexity of tryptophan photochemistry and the 

possibility that the reported values of tryptophan relaxation do not consider the different 

contributions from the photoproducts of tryptophan photolysis. Our attempts at accurately 

measuring the rate of loop formation by probing tryptophan triplet transfer have been challenged 

by difficulties in resolving signal due to different tryptophan photoproducts. Future work in this 

direction would involve surmounting these difficulties by optimization of experimental 

conditions to prevent tryptophan photo-damage and allow removal of photoproducts that 

interfere with our analysis. 
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CHAPTER 6 
FUTURE DIRECTIONS AND CONCLUSIONS 

We have enhanced the capabilities of a nanosecond laser pulse triggered temperature jump 

system, so that we can acquire multi-wavelength spectra synchronously with kinetic data on sub-

microsecond timescales. This system has been used to investigate the kinetics of inhibition of the 

enzyme YPrA in yeast by an endogenous inhibitor IA3. We have been able to gain a unique 

insight into the sequence of events that lead to the folding of the natively unstructured IA3 while 

it binds to YPrA. This folding and binding inhibition reaction is essential for the protection of 

cellular proteins from damage by YPrA. We have undertaken one of the few studies of the 

kinetics of coupled folding and binding in natively unfolded proteins, and the first study of this 

kind for the IA3-YPrA system. Our studies have revealed that the unstructured IA3 peptide first 

makes non-specific contacts with YPrA, which stabilize the helically folded state of IA3. 

 Our study has not considered the role of the C-terminus of the unstructured peptide IA3 in 

the binding interaction with YPrA. Previous NMR studies of the IA3-YPrA interaction have 

shown that certain residues of the C-terminus of IA3 away from the binding site actually interact 

with the YPrA.  The inhibitory ability of IA3 peptides with and without the C-terminus are very 

similar, so this interaction does not affect the equilibrium inhibition constant.  One interesting 

possibility is that the C-terminus forms fleeting contacts with YPrA leading to the formation of 

the encounter complex that has an unfolded N-terminus, while the IA3 is bound to YPrA by the 

C-terminal contacts. Studies of folding kinetics of truncated IA3 peptides with only N-terminus 

in the future could elucidate the role of the C-terminus in the interaction with YPrA.  Another 

interesting possibility for future work is identification of key residues involved in this non-

specific binding by experiments and simulations with mutants of IA3.   
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Our study of the folding dynamics of the tryptophan zipper in different solvent viscosities 

investigates its navigation of the energetic landscape under different experimental conditions. 

Previous theoretical studies have indicated a heterogeneous folding behavior of tryptophan 

zipper folding at low temperatures due to a rough energy landscape. It has been argued that at 

high temperatures, the landscape is dominated by one global minimum, leading to one folding 

pathway.  Our kinetic studies reveal the presence of two folding pathways at temperatures less 

than 35C, with distinguishably different relaxation rates.  This result has several repercussions 

for the rate limiting events leading to secondary structure formation in the tryptophan zipper. 

While our studies look at the kinetics of folding pathways accessible to the protein, the actual 

structural features of the protein formed along these routes are still subject to speculation. 

Studies in simulation and experiment with systems like tryptophan zippers are needed for a 

complete view of the initial events in the folding process.  

We have designed and characterized a transient spectroscopy system capable of acquiring 

nanosecond time resolved multi-wavelength spectral data on events occurring on the ns-ms 

timescale. We have been able to study the photochemistry of tryptophan after flash photolysis by 

a nanosecond pulse of ultra-violet light.  This study revealed the rich spectral and kinetic 

complexity of photoproducts of tryptophan.  This system holds promise for experiments that 

probe early events in the protein folding process (loop and turn formation) with molecular probes 

whose photochemistry is well characterized.  
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APPENDIX A 
NUMERICAL METHODS 

Singular Value Decomposition of Data for Relaxation of IA3 After a T-jump 

We use singular value decomposition in chapter 4 to understand the folding transition of 

IA3 during its association with YPrA. Time-resolved fluorescence data is collected for (figure A-

1)wavelengths from 290-725 nm, over timescales from nanoseconds to tens of microseconds.  

Singular value decomposition is a matrix technique that can take this multi-wavelength kinetic 

dataset and separate the signals in order of increasing importance from the noise.  

 

Figure A-1: time-resolved fluorescence spectra of double mutant N2W-K16C-IA3 peptide 
recorded on  CCD camera, over wavelengths 250-725 nm over microsecond 
timescales. The negative times indicate pre-trigger times, from -7 µs to the time after 
the IR pulse thermally triggers the protein unfolding. The pre-trigger fluorescence 
intensity is markedly different from the post-trigger fluorescence intensity.  
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 For a typical laser triggered time-resolved fluorescence experiment, we have a dataset of 

fluorescence we call F, with nλ rows (number of wavelengths) and nt columns (number of time 

points per wavelength). The SVD algorithm resolves F into its eigenvectors U in wavelength and 

V in time, with eigenvalues that are specified in the diagonal matrix S.  

TtVSUtF ))(()(),( ⋅⋅= λλ                                               [A-1] 

U and V are orthonormal vectors in the wavelength and time basis such that  
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The matrix FFT has an overlap of kinetic vectors for all wavelengths. So, the U vector contains 

all spectral contributions to the signal, that are mutually independent. The matrix FTF similarly 

contains the overlap of all spectral vectors for all times; V contains the kinetic information of 

each spectrum in U. The importance of each spectrum and its corresponding relaxation is given 

by the eigenvalues in S. We can select the most important contributions to F from elements of U, 

S and V.  

noiseVSUF
i

T
iii += ∑ ..                                                  [A-3] 

This effectively filters all the noise, and gives us the relevant signal in the least number of basis 

vectors in the different parametric basis.  Notice that the traditional method of resolving the 

signals from a given dataset involves separately solving the eigenvalues equation for FFT and 

FTF.  

 In our experiments with IA3, we observe three contributions to our signal. The first 

component has a spectrum similar to the average spectrum of our sample, and a relaxation that 

looks like a step function. This is the mean fluorescence of our sample that is reduced after a rise 

in temperature due to the intrinsic negative-temperature dependence of fluorescence. The second 
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component has a spectrum that resembles the first derivative of the mean spectrum of emission 

with respect to wavelength, or the shift in wavelength. Its relaxation is fit by a single exponential 

decay. The third component has a spectrum that resembles a broadening of the spectrum, and is 

fit well by the same single exponential that fits the second component. All the other lower ranked 

component of the signal matrix are on the level of the noise, so we have (figure A-2)  

)(./).()()/).(()().( 31133321122211 tVSSUtVSSUtVUF λλλ ++=              [A-4] 

 

Figure A-2: Results of singular value decomposition of dataset shown in previous figure, with 
three components above the level of noise shown by the semi-logarithmic plot of S1 
to S10. The spectral eigenvectors in the wavelength basis is given by U1 to U3 while 
the corresponding relaxation kinetics is given by weighted SV1 to SV3 where SV = 
v*s. 

We simultaneously fit the weighted components SV2 and SV3 to a single exponential 
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This relaxation is the signature of the folding transition of the unstructured peptide IA3 . The fall 

of the second component in the red region, and its rise in the blue region of the spectrum indicate 

a rise in tryptophan fluorescence concurrent with the fall in the dansyl fluorescence. This would 

imply a reduced transfer of energy to the dansyl moiety, our FRET acceptor, from tryptophan. 

This would arise only when the peptide melts pushing the chromophores apart at the higher 

temperature.  

 

Figure A-3: Single exponential fit for both SV2 and SV3 in time, providing an observed  lifetime 
~ 500 ns. This estimate of τ can be used with the estimated ∆G (T, TFE) from our fits 
of CD data for helix-coil transition of IA3 in TFE to determine the folding and 
unfolding rate (kF, kU) of IA3 at this temperature T and TFE concentration.  This 
procedure is repeated for multiple measurements at various temperatures and TFE 
concentrations.  
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