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ABSTRACT 

EFFECTS OF MACROMOLECULAR CROWDING AND SMALL 
IONS ON THE FOLDING, STRUCTURE, AND STABILITY OF 

DESULFOVIBRIO DESULFURICANS FLAVODOXIN 

by 

Loren Stagg 

The intracellular environment in which most proteins fold and function 

contains a range of biomolecules that results in significant volume exclusion, thus 

contrasting to the dilute buffer conditions common to most in vitro studies. In 

addition to intracellular macromolecular crowding, cells are ionic in nature, and 

although the Hofmeister series of ions has its origin in a work from 1888, much is 

still unclear concerning how small, charged ions affect protein properties. This 

thesis summarizes in vitro work assessing the effects of macromolecular 

crowding and small ions on the biophysical properties of a model protein -

Desulfovibrio desulfuricans flavodoxin. Flavodoxin is a small (15.7 kDa), single 

domain, cytoplasmic protein with a-helical and parallel (3-sheet secondary 

structural elements arranged in one of the five most common protein folds (the 

flavodoxin-like fold). 

Using a range of biophysical/spectroscopic methods (e.g., circular 

dichroism (CD), fluorescence, calorimetry, stopped-flow mixing) along with 

synthetic crowding agents (e.g., Ficoll and dextran), I have found that 

macromolecular crowding increases the secondary structural content of folded 



flavodoxin (toward that found in the crystal structure), increases flavodoxin 

thermal stability, and affects both the accumulation of a misfolded intermediate 

and the rate of proper protein folding. Collaborative in silico simulations 

employing Go-like modeling of apoflavodoxin in the presence of large, inert 

crowding agents agrees with my in vitro work and provides structural and 

mechanistic information with residue-specific resolution. 

We also found that small cations and anions in physiologically relevant 

concentrations (< 250 mM) increase flavodoxin thermal stability significantly. 

Both cations and anions in higher concentrations (300 mM - 1.75 M) affect 

oppositely charged proteins similarly suggesting that surface electrostatic charge 

plays only a minor role in mediating ionic effects on protein thermal stability. At 

all ion concentrations, ionic effects on protein stability are correlated to ion 

hydration (and thus the Hofmeister series). Our work suggests a dominant role 

for the peptide bond in coordinating ions at higher concentrations. This thesis 

work suggests that the crowded and ionic nature of the intracellular milieu can 

elicit changes to the structure, dynamics, stability, and folding mechanism of 

proteins which may not be captured in vitro using dilute buffer conditions. 
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CHAPTER 1: INTRODUCTION TO PROTEIN FOLDING AND THE 
INTRACELLULAR MILIEU 

Protein folding 

Proteins are truly the workhorses of living organisms as they perform 

countless tasks covering virtually every essential life function from detoxification, 

to electron transport, to locomotion. In the simplest terms, proteins are linear 

chains of amino acids linked covalently by peptide bonds. Over the last century, 

remarkable progress has been made describing the nature of proteins from the 

macro level down to the atomic level. The field of protein folding came about 

along with advances in technology (e.g., NMR spectroscopy and X-ray 

crystallography) allowing for investigations into protein structure. 

From early in the 20th century, scientists began to attempt to explain folding 

characteristics of proteins such as stability (Wu, 1931). In 1968, Cyrus Levinthal 

proposed what is now commonly known as the "Levinthal paradox" when he 

determined that given the rotational freedom available to individual peptide 

groups, proteins could sample an almost infinite number of conformations, taking 

an astronomical amount of time to find the proper one (Levinthal, 1968). 

However, many proteins fold to the same, predictable three dimensional structure 

reversibly on the order of milliseconds to seconds (Chaffotte et al., 1992; 

Gruebele, 1999; Li and Scheraga, 1987; Sali et al., 1994). It is this innate ability 

of many proteins to unfold and fold reversibly that resulted in Anfinsen's dogma 

(proposed by Christian Anfinsen) which suggests that all the information 

necessary for a protein to assume its proper three dimensional structure is 
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encoded in each protein's unique amino acid sequence (Anfinsen, 1973). In 

vivo, however, newly synthesized proteins may need the aid of chaperone 

proteins to properly fold (Fink, 1999; Hartl and Martin, 1995; Hartl et al., 1992; 

Rothman, 1989). 

The native state 

The unique three dimensional structure assumed by proteins is known as the 

native (or folded) state. The native state can be broken down into smaller pieces 

based on levels of complexity. At the lowest level of native state organization is 

the primary structure. The primary structure is simply the covalently-linked (by 

peptide-bond) (Fig. 1.1) amino acid sequence which, on its own, gives no 

structural information, but as Anfinsen explains (Anfinsen, 1973), the amino acid 

sequence contains all the necessary information for global folding events and is 

therefore an important part of the "native state." Each amino acid (residue) 

comprises an amino group, a carboxylic group, and a unique side-chain attached 

to a central carbon (one amino acid, proline, differs slightly in its structure). 

The next level, secondary structure, gives information about the organization 

of local regions of amino acid residues. Typical secondary structures include a-

helices, p-strands, and loops, a-helices are coil-like structures that form when 

the polypeptide backbone spirals with roughly 3.6 residues per turn. This 

structure is stabilized by hydrogen bonding between the C=0 group of one 

peptide bond to the N-H group of another peptide bond 4 amino acids away in 

the primary sequence, p-strands are more planar than a-helices, and instead of 

2 



AA-, O AA2 o 
I II I 2 // 

H3N—C—C—N—C—C 1 ' i V-
H H H O 

Figure 1.1 - Chemical structure of amino acids covalently linked by 
peptide bond (bold blue line). Also depicted are the side-chains of the 
two amino acids (AAi and AA2). 
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forming interactions between amino acids near each other in primary sequence, 

amino acids in p-strands hydrogen bond to amino acids across space in other (5-

strands forming larger structures known as (3-sheets. p-sheets may be parallel or 

anti-parallel depending on whether their individual p-strands align in similar N-

terminus to C-terminus direction (parallel) or not (anti-parallel). Loop regions are 

less ordered than a-helices or p-strands and are thought of as being more 

dynamic. 

The third level of organization is tertiary structure. The tertiary structure of a 

protein is usually what is being referred to as the native state or native fold. 

Tertiary structure describes the native topology of proteins as it includes all the 

secondary structural elements of the protein in the proper spatial arrangement. 

For monomeric proteins, the tertiary structure is the highest level order that can 

be described. Quaternary structure applies to multi-domain or multimeric 

proteins. The quaternary structure describes the spatial arrangement of the 

subunits that make up the native protein complex. 

Fold and function 

Proteins must fold to their characteristic, native state in order to perform their 

function (with the exception of intrinsically disordered proteins) (Wright and 

Dyson, 1999). In many cases, small, single-domain proteins need only fold to 

their characteristic tertiary structure to carry out their function. However, in other 

cases additional layers of complexity are necessary for proteins to function. 

Individual proteins (monomers) may need to form higher-order, oligomeric 
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complexes by binding to identical monomers (homo-oligomers) or different 

monomer proteins (hetero-oligomers). Examples of oligomeric proteins include 

the dimeric creatine-kinase M-line protein (Mani and Kay, 1976), the trimeric 

purine nucleoside phosphorylase (Edwards et al., 1973), and the tetrameric 

hemoglobin (Gibson et al., 1956). In many organisms, complex interactions 

between many proteins result in intricate molecular machinery that can carry out 

essential cellular functions such as DNA replication, signal transduction, protein 

expression, and organismal locomotion. Currently, it is estimated that between 

650 and 10,000 protein folds exist (Koonin et al., 2002). The five most common 

protein folds include the flavodoxin-like, TIM-barrel, Rossmann, thiamin-binding, 

and P-loop hydrolase folds (Bollen and van Mierlo, 2005) (Fig. 1.2). 

Cofactor-binding proteins 

In addition to most proteins (excluding intrinsically disordered proteins) folding 

to a typical, native state in order to mediate protein-protein interactions, many 

proteins must bind other molecules (cofactors) to function. In fact, over 30% of 

proteins must bind a characteristic cofactor to carry out their cellular function 

(Bertini et al., 1994). Typical cofactors include metal ions or organic molecules, 

which may be bound either covalently or non-covalently. Often similar cofactors 

are bound either covalently or non-covalently depending on the protein. For 

instance, covalently bound cofactors include heme binding to cytochrome c 

(Moore, 1990) and flavin (FAD) bound to succinate dehydrogenase 

(Yankovskaya et al., 2003). Non-covalently coordinated cofactors include the 

5 



Figure 1.2 - The five most common protein folds. From left to right: 
the flavodoxin-like fold (pdbrlflv), the TDVI-barrel fold (pdb:3chv), the 
Rossmann fold (pdb:3go4), the thiamin-binding fold (pdb:2qry), and 
the P-loop hydrolase fold (pdb:2dxp) (PyMol). 
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flavin mononucleotide (FMN) of flavodoxins (Sancho, 2006) and heme in the 

case of most globins (Hoy et al., 2007). Cofactor-binding proteins are involved in 

electron transport (e.g., ferredoxins that coordinate iron-sulfur clusters; (Fromme, 

1996)), gas exchange {e.g., hemoglobin), metal transport {e.g., copper 

chaperones (Schaefer and Gitlin, 1999)), phosphorylation/dephosphorylation 

(e.g., CheY which coordinates Mg2+ (Hess et al., 1987)) and other essential 

cellular functions. Cofactors are often not synthesized within some organisms 

and therefore must be present in the organism's diet (vitamins, vitamin 

derivatives, and some metals (Goyer, 1997)). In addition to contributing to 

protein function, cofactors also generally engender increased stability in their 

native protein due to their specific binding to the polypeptide (e.g., heme 

coordinated to myoglobin (Hargrove et al., 1994), NAD(+) in the case of some 

DNA ligases (Georlette et al., 2003), and copper coordinated to azurin 

(Pozdnyakova et al., 2001). As proteins are often able to exist in states with or 

without cofactor present, these forms of the protein are known as "holo-" (with 

cofactor) or "apo-" (without cofactor) proteins. 

Protein folding mechanisms and theories 

As touched on earlier, Levinthal's paradox points to forces driving the folding 

of proteins via a mechanism or pathway. Differing opinions have since 

developed to describe the methods employed by proteins to fold from what is 

thought of to be an unstructured, dynamic polypeptide chain to a more 

structured, native state. One theory that arose to describe protein folding 

suggests that small areas (or nuclei) of unfolded polypeptide may conform to 
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their native arrangement thus providing a scaffold to drive the folding of the rest 

of the polypeptide (Wetlaufer, 1973). This theory became known as the 

nucleation (and later "nucleation-condensation") theory and is still a popular 

protein folding theory (Djikaev and Ruckenstein, 2009). About the same time as 

the nucleation theory, Anfinsen proposed that protein folding occurred through 

the formation of stable interactions between "flickering" nuclei (Anfinsen, 1973). 

Another theory to explain protein folding is based on the fact that nonpolar, 

hydrophobic amino acid side-chains are buried in the core of the protein while 

polar and charged residues decorate the solvent exposed surface. This theory is 

known as "hydrophobic collapse," and it proposes that the spontaneous collapse 

of hydrophobic residues expels water molecules and drives the global folding of 

the protein (Hillson et al., 1999; Rhee et al., 2004). The hydrophobic collapse 

mechanism found its origins in the hypothesis posed by Kauzmann in the 1950s 

suggesting that nonpolar amino acid coordination must drive folding and 

determine stability, as proteins have a similar number of hydrogen bonds 

satisfied both in the native and unfolded states (Kauzmann, 1959). Kauzmann's 

theory, which downplays the role of hydrogen bonding in protein folding, is 

contrary to others who pose a central role for intra-protein hydrogen bonding in 

productive folding (Baldwin, 2008; Rose et al., 2006). Another proposed protein 

folding mechanism is the diffusion-collision model proposed by Karplus and 

Weaver (Karplus and Weaver, 1976). This model proposes that each individual 

polypeptide chain has separate "microdomains" (such as dynamic helices) which 
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diffuse independently. The collisions of these microdomains in solution may 

cause microaggregation events or proper folding. 

In contrast to folding pathways, a "New View" has been proposed to satisfy 

both the search for a thermodynamic energy minimum (proposed by Anfinsen) 

and also the relatively fast folding times of most proteins (as posed by Levinthal) 

(Sali et al., 1994). The New View has led to a common theory suggesting that 

protein folding should be envisioned as a search through a conformational 

energy landscape populated by multiple folding routes all in search of a 

thermodynamic energy minimum - the native state. Folding theory in terms of 

the New View has been proposed to refute the reality of the Levinthal paradox as 

the large difference between the enthalpies of the folded and unfolded states 

conformationally biases the polypeptide's search for the native state making it 

unnecessary to sample all possible orientations (Dobson and Karplus, 1999). 

Since the formation of this New View, the folding energy landscape has most 

often been described as funnel-like (Chan and Dill, 1998) (Fig. 1.3). The width of 

the funnel-shaped energy landscape (lateral axis) describes the number of 

available chain conformations at a particular energy level (vertical axis). In many 

cases, proteins fold through complex mechanisms with intermediate states that 

may be described as local energy minima in the energy landscape making the 

funnel appear more rugged (Bryngelson et al., 1995; Leopold et al., 1992). 

Folding from the high energy, unfolded state to the low energy, native state must 

proceed through an energy barrier (the rim of the funnel) described as the 

"transition state." 
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Figure 1.3 -Depiction of funnel-like energy landscape of protein 
folding with the width of the funnel representing conformational 
freedom (number of possible conformations; entropy) and the y-axis 
representing free energy. At the top of the energy landscape is the 
unfolded state (U), the rim of the energy landscape represents the 
transition state, and the bottom of the energy landscape represents the 
native state (N). 
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Experimental studies of equilibrium and kinetic folding reactions 

Experimental protein folding studies can be isolated into two groups, 

equilibrium and kinetic studies, where structural changes to the protein are 

monitored through techniques such as spectroscopy (equilibrium and kinetics) 

and calorimetry (equilibrium). Methods for studying protein folding have 

advanced from isolating proteins from natural sources to the introduction of 

recombinant technology allowing for the expression and purification of proteins of 

interest. Equilibrium studies can best be understood assuming a two-state 

system where only two major subsets of individual protein molecules exist -

native and unfolded proteins. In equilibrium studies, the test protein of interest is 

observed under conditions where the relative populations of native and unfolded 

protein are presumed to be unchanged over the duration of the experiment. 

Two-state equilibrium unfolding approximations are often found to be accurate, 

especially in the case of small proteins (Schellman, 1987), where protein 

unfolding resembles a single phase transition due to a high energy barrier 

between folded and unfolded proteins resulting in cooperative or "all-or-none" 

behavior (Shakhnovich and Finkelstein, 1989). In these cases, hydrophobic 

exposure is accompanied by large changes in both the enthalpy and entropy of 

the system resulting in the observed cooperative nature of the transition (Lumry 

and Biltonen, 1966). In the case of larger or multi-domain proteins, two-state 

approximations are often incorrect, as these proteins are likely to populate 

intermediate species corresponding to the folding or unfolding of individual 

domains (Privalov, 1982; Wetlaufer, 1973). The data collected from equilibrium 
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protein folding experiments gives the researcher information about the relative 

difference in energies of the native and unfolded states of the protein of interest 

(free energy) or more qualitative stability metrics such as the midpoint of protein 

unfolding under denaturing conditions. In contrast to equilibrium studies, kinetic 

studies involve rapid changes in the experimental conditions favoring the 

opposite conformational state (folded or unfolded) resulting in structural changes 

that can be observed over time. Kinetic experiments result in data that give 

information about the rates of protein folding, unfolding, and ligand binding. A 

collection of data from single-domain, globular, two-state proteins (~ 40 - 130 

residues) shows that these proteins have a wide range of calculated free 

energies of unfolding ( - 5 - 5 0 kJ/mol) and folding rates extrapolated to zero 

denaturant (~ 1 - 105 s"1) (Grantcharova et al., 2001). 

Thermal and chemical equilibrium denaturation 

A number of different methods may be employed to tip the equilibrium of a 

protein system from native to unfolded (or vice versa). These methods include 

modulating temperature, pressure, pH, and concentration of chemical 

denaturants. The most often employed of these methods have become thermal 

and chemical denaturation. Thermal unfolding of polypeptides can best be 

explained by changes in enthalpy and entropy between the folded and unfolded 

states of the protein. As implied from the classical equation for free energy: 

AG = AH-TAS (Eq. 1.1) 
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the free energy of unfolding (AG) is related to be the change in enthalpy (AH) and 

entropy (AS) of the system. Both entropy (as shown above) and AH (through 

ACP as: AH = Cp*dT) are related to temperature. As ACP has been shown to be 

relatively constant for proteins (Privalov and Khechinashvili, 1974), the free 

energy of unfolding of proteins has a parabolic relationship with temperature with 

a maximum AG at the point where AH and AS contributions are equal. 

Chemical denaturation of proteins is most often achieved using one of two 

common denaturants - urea or guanidinium chloride (GdmCI) (Fig. 1.4). 

Although it is well established that increasing the concentration of these chemical 

denaturants causes polypeptides to unfold, the mechanism by which these small 

molecules affect the structural equilibrium of these proteins is less understood. It 

is not generally accepted whether these denaturants interact directly with 

proteins (Lim et al., 2009; Robinson and Jencks, 1965) or if they modulate the 

hydrogen-bonding network of water (Wetlaufer, 1964). However, recent models 

have been constructed to combine the contributions of both proposed methods 

(Street et al., 2006). Regardless of their mechanism of interaction with proteins, 

their non-specific effects make chemical denaturants useful in protein folding 

studies. 

<P-value approach for folding transition state analysis 

As mentioned before, the high energy barrier between the unfolded and 

folded state of proteins is termed the transition state (Fig. 1.5). The transition 

state is only transiently populated and thus cannot easily be analyzed by 
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Figure 1.4 - Chemical structures of urea (left) and guanidinium 
chloride (right). 
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Reaction Coordinate 
Figure 1.5 - Depiction of reaction coordinate for two-state protein 
folding. The free energy minimum is the folded state of the protein 
(F). The equilibrium free energy maximum is the unfolded state (U). 
Between the two equilibrium states is the high energy, transition state 
{X) which does not populate at equilibrium. Progression down reaction 
coordinate can be thought of as gain of native-like contacts from U to F 
states. This reaction coordinate can be viewed as a cross-section of the 
folding energy landscape with the transition state ($) sitting at the 
upper rim of the funnel. 
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equilibrium measurements but must be probed indirectly (Lindorff-Larsen et al., 

2004). NMR techniques such as native state hydrogen exchange and relaxation 

dispersion have been used to assess kinetic intermediate structures (Bai, 2006; 

Englander et al., 2007; Korzhnev et al., 2004; Neudecker et al., 2006). One 

method that has been employed to analyze transition states is O-value analysis. 

Through protein engineering, it was first shown that one can analyze the 

transition state for unfolding (Matouschek et al., 1989) and later the transition 

state for folding (Fersht, 1990). 

(p-value analysis entails making a set of single, conservative point mutations 

(usually hydrophobic-to-alanine mutations) throughout the structure of a protein 

of interest and studying the effects of that mutation on the equilibrium and kinetic 

folding characteristics of the protein (Fersht and Sato, 2004). The O-values 

represent the change in stability of the transition state relative to the change in 

stability in the native state (Fersht and Sato, 2004). The change in energy of the 

transition state is calculated as: 

AAGt^u = -RTIn(/cf,mut
H2° / k1M

H2°) (Eq. 1.2) 

where AAGt^u is the change in the energy of the transition state, /Cf,mutH2° is the 

folding rate of the variant protein extrapolated to zero denaturant, and /ff,wtH2° is 

the folding rate of the wild-type protein extrapolated to zero denaturant. 

<t»-values can then be calculated as follows: 
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Of = AAG^u / AAGf^u (Eq. 1.3) 

where AAGf^u is the difference in the free energies of unfolding of the wild-type 

and variant proteins (usually calculated from equilibrium experiments). A O-

value of 1 means the mutated residue contributes equally to the native and 

transition states (i.e., wild-type side-chain forms native-like interactions in 

transition state) whereas a O-value of 0 means the mutated side-chain does not 

contribute to native-like interactions in the transition state (i.e., wild-type residue 

is unfolded in transition state) (Fersht and Sato, 2004; Oliveberg, 2001) (Fig. 

1.6). O-values between 1 and 0 (fractional O-values) imply different degrees of 

structure in the folding nucleus. O-value analyses of many two-state folding 

proteins have led to the classification of two types of folding-transition states -

diffuse and polarized transition states (Sanchez and Kiefhaber, 2003). Diffuse 

transition states are typically described by fractional O-values spanning the 

whole of the tertiary structure of the protein whereas polarized transition states 

have distinct areas of the protein with O-values near unity. The protein 

chymotrypsin inhibitor-2 (Cl2) was found to fold via a diffuse transitions state 

(Itzhaki et al., 1995) while other proteins like a Src homology 3 (SH3) domain and 

protein L have been found to fold via polarized transition states (Kim et al., 2000; 

Northeyetal.,2002). 

Computational approaches 

In addition to experimental procedures, the development of powerful 

computers has given rise to computational methods for studying protein folding. 

The use of supercomputers to simulate protein folding is very new as the first 
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Reaction Coordinate Reaction Coordinate 

Figure 1.6 - Depictions of reaction coordinates for hydrophobic-to-
alanine mutants yielding O-values of 1 (left) and 0 (right). In the left 
tile, the point mutation affects the folded state and transition state of 
the protein equally. In the right tile, the point mutation affects only the 
energetics of the folded state. Conservative nature of hydrophobic 
mutations allows for assumption that energetics of the unfolded state 
are not altered. 
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major breakthrough came in 1998 with the simulation of the folding of a 36-

residue protein (Duan and Kollman, 1998). Today, there are two basic types of 

computer modeling for protein folding - all-atom simulations and coarse-grained 

modeling. 

The difference in the two classes of models deals with the level of resolution 

of the models. In coarse-grained models, individual amino acid side-chains are 

usually replaced with a representative interaction center (Colombo and 

Micheletti, 2006). This simplification of the model system decreases the amount 

of necessary computing power and allows investigators to probe larger proteins. 

Go-like models using the bead approach to describe polypeptides came about in 

the 1970s (Ueda et al., 1975; Ueda et al., 1978). This model uses a principle of 

minimal frustration (suggesting the foldable protein has evolved a primary 

sequence which minimizes conflicting interactions along the reaction coordinate 

toward proper folding) (Gulukota and Wolynes, 1994) and is able to construct 

relatively smooth, funnel-shaped folding energy landscapes (Clementi et al., 

2000; Onuchic et al., 1997; Shea and Brooks, 2001). The structural Hamiltonian 

in such models may include parameters such as bond length and bond angle 

potentials (Cheung and Thirumalai, 2007) while simulations may be carried out 

using the Replica Exchange Method (REM (Hukushima and Nemoto, 1996; 

Sanbonmatsu and Garcia, 2002)) and the Langevin equation to ensure proper 

sampling (Veitshans et al., 1997). In contrast, all-atom simulations simulate each 

atom in the system. This allows investigators to gather information about a 
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protein at a much higher degree of resolution. However, the computational cost 

of such all-atom simulations in many cases makes certain protein systems more 

accessible by coarse-grained models (Clementi, 2008; Kolinski, 2004; Nielsen, 

2004; Scheraga et al., 2007). 

Flavodoxin - a model protein 

A number of different species of flavodoxin are being used as model proteins. 

These include flavodoxins from Azotobacter vinelandii, Anabaena, Chondrus 

crispus, Helicobacter pylori, Desulfovibrio vulgaris, and Desulfovibrio 

desulfuricans. Properties of flavodoxins that make these proteins attractive to 

protein biophysicists include their relatively small size and the fact that they fold 

into a widely adopted tertiary structure. 

The flavodoxin-like fold 

Flavodoxins adopt the flavodoxin-like fold which, according to SCOP 

(Structural Classification of Proteins database; (Murzin et al., 1995)), is one of 

the five most common protein folds (TIM-barrel, Rossmann, thiamin-binding, and 

P-loop hydrolase folds) (Bollen and van Mierlo, 2005) (see Fig. 1.2) and is 

shared by sixteen protein superfamilies (Muller, 1992). This fold is characterized 

by a parallel |3-sheet of five (5-strands surrounded by five a-helices (although 

some flavodoxins, including D. desulfuricans flavodoxin, have four a-helices) 

(Hocker et al., 2002) (Fig. 1.7). The members of this group of proteins represent 

a vast array of amino acid sequences and functions that include electron-transfer 

proteins, catalases, lipases, and esterases (Muller, 1992). Information on 
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Figure 1.7 - Crystal structure of D. desulfuricans flavodoxin solved by 
Drs. Megan Guelker and Yousif Shamoo (one of two solved structures; 
pdb:3f6r). FMN cofactor shown in sticks (PyMol). 
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flavodoxin's folding behavior may be applied to other proteins with flavodoxin-like 

domains in an effort to better understand their folding properties. Such proteins 

include nitric oxide synthase, methionine synthase reductase, and cytochrome 

P450 reductase (Hall et al., 2001). 

Structure, function, and cofactor 

Flavodoxins are electron-transfer proteins that are found in prokaryotes and a 

few species of algae (Romero et al., 1996; Sancho, 2006). Their electron-

transfer ability is generated by the noncovalent coordination of FMN (Helms and 

Swenson, 1991) (Fig. 1.8). Flavodoxins commonly replace ferredoxin in 

conditions of low-iron stress as a photosynthetic electron transport protein (Fillat 

et al., 1991; Maldonado et al., 1998). Under these conditions, flavodoxins 

transfer electrons from Photosystem 1 to ferredoxin-NADP+ reductase (FNR) by 

toggling between the semiquinone (one electron reduced) and hydroquinone (two 

electron reduced) forms of FMN (Nogues et al., 2005). Flavodoxins also serve a 

range of other functions, such as participating in nitrate reduction in Azotobacter 

vinelandii (by donating electrons to nitrate reductase) (Gangeswaran and Eady, 

1996), aiding in the synthesis of biotin in Bacillus subtilis (by transferring 

electrons to Biol) (Stok and De Voss, 2000) , and acting in the oxidation of 

pyruvate in Helicobacter pylori (likely as an electron acceptor for 

pyruvate:acceptor oxidoreductase) (Hughes et al., 1995) (reviewed in (Sancho, 

2006)). As a result of the latter function, flavodoxin is being targeted for 

antibiotics against Helicobacter pylori (Cremades et al., 2005). 
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Figure 1.8 - Chemical structure of flavin mononucleotide (FMN; 
shown here as oxidized). The distinct regions of the molecule include 
the isoalloxazine ring (top), ribityl side-chain (middle), and phosphate 
moiety (bottom). 
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Two types of flavodoxins have been identified: short- {e.g., D. desulfuricans 

and Desulfovibrio vulgaris) and long-chain (e.g., Anabaena and Azotobacter 

vinelandii) flavodoxins. The difference between the two is that long-chain 

flavodoxins have a loop of approximately 20 amino acids interrupting the fifth (3-

strand of the core p-sheet (Muller, 1992). The finding that the 20-residue 

insertion is not required for flavodoxin function suggests that the long-chain 

variants may have preceded the short-chain flavodoxins evolutionary (Lopez-

Llano et al., 2004; Sancho, 2006). 

Current knowledge of flavodoxin folding reactions 

Most of the studies of flavodoxin folding reactions have been restricted to the 

apo-form of the protein as to not complicate the contributions of FMN in the 

folding process (Bollen et al., 2006; Bollen et al., 2004; Bueno et al., 2006; 

Campos et al., 2004; Fernandez-Recio et al., 2001; Lopez-Llano et al., 2006). 

Folding of apoflavodoxins has been studied in some detail, and it is clear that the 

time-resolved process is not a simple two-state reaction. A pathway involving an 

essentially off-pathway intermediate has been proposed for many apoflavodoxins 

including D. desulfuricans, Anabaena, and A. vinelandii (Apiyo and Wittung-

Stafshede, 2002; Bollen et al., 2004; Bueno et al., 2006; Engel et al., 2008; 

Fernandez-Recio et al., 2001; Muralidhara et al., 2006; Nabuurs et al., 2008). 

This pathway implies that during folding, the protein first misfolds into 

unproductive structures (off-pathway intermediates) that must then unfold before 

attempting again to fold to the native state. The simplest version of this 

mechanism can be described in the following way: 
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l 0 f f ~ U * # F (Eq. 1.4) 

The equilibrium unfolding of D. desulfuricans (in most cases) and Anabaena 

apoflavodoxins appear two-state (Apiyo and Wittung-Stafshede, 2002; Bueno et 

al., 2006; Stagg et al., 2007) while the equilibrium unfolding of A. vinelandii 

apoflavodoxin involves an intermediate species (Bollen et al., 2004). Currently, 

only one flavodoxin (Anabaena PCC 7119 apoflavodoxin; 24 % sequence identity 

to D. desulfuricans flavodoxin) has been subjected to O-value analysis (Bueno et 

al., 2006), and the transition state between U and F species for this long-chain 

flavodoxin has been described as diffuse involving native-like packing between 

a-helices and the core, (5-sheet. 

Specifics of Desulfovibrio desulfuricans (ATCC 29577) flavodoxin 

D. desulfuricans flavodoxin is a short-chain flavodoxin of 148 amino acids 

(15.7 kDa) (Helms and Swenson, 1991). D. desulfuricans flavodoxin coordinates 

FMN through a combination of aromatic stacking interactions and hydrogen 

bonding (Lostao et al., 2000). Unlike some species of flavodoxin that undergo 

conformational change upon binding or release of FMN (e.g., Chondrus crispus) 

(Rogers and Sykes, 1990), D. desulfuricans and Azotobacter vinelandii 

flavodoxin have been found to have virtually identical structures in both apo- and 

holo-forms, except for increased loop dynamics in the absence of FMN (Genzor 

et al., 1996; Steensma and van Mierlo, 1998). 

The folding of D. desulfuricans flavodoxin has been well characterized. As 

mentioned before, the folding reaction of apoflavodoxin is rather complex 
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involving the accumulation of an assumed off-pathway intermediate, however, 

folding of flavodoxin in the presence of FMN is faster than that of apoflavodoxin 

and appears to proceed along a two-state path (Apiyo and Wittung-Stafshede, 

2002). FMN coordination to apoflavodoxin is mediated by aromatic stacking of 

the isoalloxazine ring to two aromatic residues (Trp60 and Tyr98) and hydrogen 

bonding of the ribityl side-chain of FMN to an N-terminal loop region (Genzor et 

al., 1996; Lostao et al., 2000; Muralidhara et al., 2006; Watenpaugh et al., 1972). 

It has also been suggested that the FMN-binding site of D. desulfuricans 

flavodoxin may be flexible enough to coordinate FMN dimers (Muralidhara and 

Wittung-Stafshede, 2003). In addition, it has been shown that inorganic 

phosphate elicits numerous effects on flavodoxin, including (a) speeding up the 

folding of apoflavodoxin, (b) increasing the affinity of apoflavodoxin for FMN, and 

(c) increasing the equilibrium stability of apoflavodoxin (Muralidhara et al., 2005). 

The intracellular environment 

Although protein folding studies are usually undertaken on purified 

recombinant proteins in dilute buffer solutions, the results of these studies are 

often used to explain in vivo phenomena. However, the conditions inside cells, 

where proteins are forced to fold and function, are drastically different than the 

conditions of most in vitro studies. 

Macromolecular crowding and excluded volume theory 

The cytoplasm of living cells resembles Jell-0 more than water (Cheung, 

2007; Vargas, 2003), because of the large amount of macromolecules in the cell. 
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The protein content of many cells alone accounts for 17-35% of the overall 

weight of the cell (Luby-Phelps, 2000). It is believed that between 30 and 40% of 

E. coli cells is volume occupied (Eggers and Valentine, 2001; Ellis and Minton, 

2003), and that the overall concentration of macromolecular crowders in E. coli 

cells ranges from 300 to 400 mg/ml (Ellis, 2001a). Crowding agents in vivo 

include nucleic acids, proteins, lipids, and carbohydrates (Cheung et al., 2005; 

Zimmerman and Minton, 1993). The crowded nature of the cell has been 

beautifully demonstrated by cryoelectron tomography in the case of Dictyostelium 

discoideum (Medalia et al., 2002) (Fig. 1.9). The presence of large amounts of 

macromolecules in solution results in the "excluded volume effect" (Minton, 

2000b) or "depletion force" (Asakura, 1954; Hall and Dobson, 2006), which 

simply poses that proteins in the cell have a significantly smaller portion of 

volume conformationally accessible to them than proteins in dilute solution (Fig. 

1.10). 

Macromolecular crowding has been proposed to affect both rates and 

equilibrium constants of macromolecular interactions (Ellis, 2001b), and studies 

on the volume exclusion effects of macromolecules began as early as the 1960s 

(Laurent, 1963). Crowding has also been speculated to affect the folding of 

proteins and nucleic acid chains as well as decreasing diffusion rates by up to 

ten times (Du et al., 2006; Ellis, 2001a). Aggregation is expected to be favored 

by macromolecular crowding, and this may in fact be one of the causes for the 

evolution of chaperones as these molecules may function to keep proteins from 
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Figure 1.9 - From Medalia, O., Weber, I., Frangakis, A.S., Nicastro, 
G.G., and Baumeister, W. (2002). Macromolecular architecture in 
eukaryotic cells visualized by cryoelectron tomography. Science 298, 
1209-1213. Reprinted with permission from AAAS. Cryoelectron 
tomography of Dichtyostelium discoideum shown with actin filaments 
(red), ribosomes (green), and membranes (blue). 

Figure 1.10 - Simplified depiction of excluded volume effects 
assuming spherical crowding agents (gray) and proteins (red). The 
three panels depict increasing crowding agent size (from left to right). 
Purple rings around crowding agents are the width of the radius of the 
protein. Thus in all three cases, the white area is the area accessible to 
the center of the protein. One can see that in the case of the larger 
crowding agents, most of the volume is excluded from the protein. 
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aggregating (Ellis and Minton, 2006). Macromolecular crowding is expected to 

stabilize proteins against thermal and chemical denaturation as a result of 

compaction of the unfolded state (less entropy) (Minton, 2000b). If these 

hypotheses are true, macromolecular crowding could alter the thermal and 

chemical midpoints of unfolding, rates of folding and unfolding, free energy of 

unfolding, and cofactor binding of proteins studied in vitro. It is because of these 

implications that theoreticians believe that addition of crowding agents should 

become common lab practice when studying biological molecules (Ellis, 2001a). 

Synthetic crowding agents 

Although little experimental work has been reported addressing effects of 

macromolecular crowding, a few synthetic agents have been identified as 

adequate reagents for crowding studies. The bulk of experimental crowding 

studies are being undertaken using inert polymers such as Ficoll, dextran, and 

polyethylene glycol (PEG) (Du et al., 2006). The inertness of these molecules is 

important for correlating results and theory because the excluded volume effect 

emphasizes steric repulsions (Ellis, 2001a; Minton, 2001). Ficoll 70 is a highly 

branched copolymer of sucrose and epichlorohydrin (Venturoli and Rippe, 2005). 

Dextran is a polymer of glucose monomers. Ficoll is believed to assume a 

spherical shape in solution, however, dextran is believed to behave more as a 

rod-like particle (Du et al., 2006). 
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Early studies: experimental and theoretical 

Most investigations of the effects of crowded environments on protein stability 

have been computer simulations. For example, it has been proposed based on 

simulations that at all concentrations of crowding agent, the native state of the 

protein will be stabilized (Cheung et al., 2005). The effects of synthetic crowding 

agents on protein folding reactions have been tested experimentally in vitro only 

in a few cases. It has been shown that inert polymers stabilize lysozyme 

(Sasahara et al., 2003) and ribonuclease A (Tokuriki et al., 2004) against thermal 

and chemical perturbations in vitro. Also, it has been shown that cytochrome c is 

stabilized against thermal denaturation in the presence of dextran, and the 

stabilization effect increases with the size of the dextran molecules as well as 

with an increase in the amount of dextran in solution (Hall and Dobson, 2006). 

An interesting postulation suggests that the overall size of proteins could 

decrease as the excluded volume effect increases (Ping et al., 2004). If this is 

true, the effects of crowding could change the overall packing and thus 

dimensions of folded proteins. 

Ionic nature of the cell 

In addition to the crowded nature of the cell, many bacterial cells (such as 

Escherichia coli) have devised systems of osmoregulation that often include the 

accumulation of ions (especially K+) (Record et al., 1998a). It is believed that the 

intracellular concentration of K+ in vivo (E. coli) is in the range of 100 mM to 1 M 

(Record et al., 1998b). In general, K+ is favored over Na+ in the cytoplasm by 

both prokaryotes and eukaryotes. This is evident in eukaryotes in that the 

29 



average cytoplasmic concentration of K+ is ~159 mM while the concentration of 

Na+ is only -10 mM (Collins, 2006). Analogously, cytoplasmic levels of anionic 

species range from ~3 mM for chloride to ~20 mM for sulfates and up to 100 mM 

for phosphates (Di Stasio, 2004). 

Hofmeister series of ions and properties 

In 1888, Franz Hofmeister derived a series of ions based on their effects on 

the solubility of hen egg white proteins (Hofmeister, 1888). Since the creation of 

the Hofmeister series, it has been found that this series is also applicable to 

many other aspects of proteins. Generally, ions of the Hofmeister series can be 

divided into two classes based on interactions of the ions with water -

kosmotropes and chaotropes. In general, kosmotropes are described as being 

"water loving" or coordinating water molecules more favorably. Chaotropes 

interact to a lesser degree with water. The majority of intracellular anions are 

kosmotropes (phosphates, sulfates, and carboxylates) whereas most intracellular 

cations are chaotropes (potassium and Lys/Arg side chains) (Di Stasio, 2004). 

Charge density of the ions also appear to play a role in the extent of their 

hydration and thus their classification as ions with high charge density tend to be 

kosmotropic and ions with low charge density tend to be chaotropic (Collins, 

2004). It is believed that the major reason for pumping out Na+ (kosmotropic) 

from the cell in favor of K+ is because high levels of intracellular Na+ would tend 

to interact strongly with the kosmotropic anions of the cell forming largely 

insoluble ion pairs (Collins, 1997). 
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D. desulfuricans is halophilic 

Many organisms have developed the ability to survive in high salt 

environments, and are thus dubbed "halophilic." Halophilic organisms are split 

into three classes based on optimal growth conditions: slight halophiles (2-5% 

NaCI), moderate halophiles (5-20% NaCI), and extreme halophiles (20-30% 

NaCI) (Ollivier et al., 1994). Desulfovibrio desulfuricans belongs to a family of 

bacteria known as sulfate reducing bacteria (SRB). SRB are mostly considered 

slightly halophilic as they thrive out in the open ocean where the average salinity 

is approximately 32-35 psu (about 3.5% NaCI) (Kerkar, 2005). One amazing, 

recent discovery is that Desulfovibrio desulfuricans (as well as Desulfovibrio 

salexigens) can grow in the Ribandar salt pans of Goa at conditions of salinity 

greater than 4 M salt (Kerkar, 2004). This suggests that Desulfovibrio 

desulfuricans has evolved a system of osmoregulation capable of dealing with 

such extreme conditions of salinity. 

Although it is not known how D. desulfuricans compensates for life at high salt 

concentrations, initial research on SRB points to the accumulation of salts as the 

primary strategy for osmoregulation (Kerkar, 2005). The major internal cation in 

halophiles accumulating salts is believed to be K+, but at conditions of very high 

salt, the internal concentration of Na+ is still believed to be in the molar range 

(Kerkar, 2005). Halophilic organisms have evolved two basic strategies for 

osmoregulating during salt stress. The first strategy (believed to be employed by 

SRB) is to accumulate K+ in the cytoplasm in favor of Na+, and many halophilic 
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archaea have coupled this strategy with complex cellular machinery that 

functions even in conditions high salt (Dennis and Shimmin, 1997). The second 

strategy for osmoregulation employed by many halophiles is the production of 

compatible solutes in reaction to conditions of salt stress (da Costa et al., 1998). 

D. desulfuricans flavodoxin is negatively charged 

One interesting aspect of most species of flavodoxins is that they are highly 

negatively charged (Sancho, 2006). For example, the flavodoxin from D. 

desulfuricans has a net negative charge of -19 at pH 7 (pi = 4.1). This highly 

negative charge is a result of the many aspartate and glutamate residues 

decorating the surface of the protein. Interestingly, one of the major adaptations 

of halophilic organisms is the evolution of acidic proteins that can form and 

function at conditions of high salt that would precipitate most non-halophilic 

proteins (Mevarech et al., 2000). Flavodoxins are only found in some bacteria 

and oceanic algae; the flavodoxin gene was lost between algae and terrestrial 

plants (Zurbriggen et al., 2007). The fact that flavodoxins are primarily found in 

sea-bound organisms (conditions of approximately 3.5% NaCI) is likely the 

reason for the conservation of high negative charges across all species of 

flavodoxins (similar to proteins from halophilic organisms). 

Project goals 

Although much has been made about the crowded nature of the intracellular 

environment, relatively little is known through experimentation about the effects 

of macromolecular crowding on protein structure, stability, and kinetic folding 
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processes. We hypothesize that volume exclusion due to macromolecular 

crowding will result in increased D. desulfuricans flavodoxin thermal and 

chemical stability as well as increased flavodoxin folding rates. Our goal is to 

use a combined in vitro I in silico approach to test these hypotheses. In addition, 

I will use protein engineering techniques to produce a set of flavodoxin point 

mutants to probe the folding transition state of the protein both in buffer and 

under crowded conditions. The folding transition state of a short-chain flavodoxin 

has yet to be described, and no one has yet assessed the effects of 

macromolecular crowding on the structure of the folding transition state of a 

protein. As mentioned earlier, the intracellular milieu is also highly ionic. Less is 

known about the nature of the effects of cations on protein stability as anions 

have more profound effects on proteins. The highly negatively charged nature of 

flavodoxin gives us an excellent system in which to assess the effects of cations 

on protein stability. The combination of experiments probing the effects of 

macromolecular crowding and small ions on flavodoxin structure, stability, and 

folding kinetics will provide integral information toward a better understanding of 

the effects of the intracellular environment on protein biophysical properties. 
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CHAPTER 2: MATERIALS AND METHODS (THEORY AND EXPERIMENTAL) 

Theory 

Absorption and fluorescence spectroscopy 

Proteins contain countless atoms that may populate different energy states 

(low to high). Incident light may promote atoms to convert from a low energy 

state to a higher energy state if the difference between the two energy states is 

identical to that of the incident photon. Scanning a particular biological sample 

with a wide array of different wavelengths of light produces a characteristic 

absorption spectrum. In proteins, individual amino acids (especially those with 

aromatic rings such as tyrosine, tryptophan, and phenylalanine) contribute to 

absorption which can be used to determine protein concentration and information 

about cofactors can often be gleaned by their characteristic absorption spectra 

(Fig. 2.1). Tyrosine, tryptophan, and cystine absorb light in the region between 

approximately 270 and 290 nm (Pace et al., 1995) while the peptide backbone 

absorbs light in the region between about 180 and 220 nm (Becklin and 

Desiderio, 1995). 

In addition to absorption, some protein systems are amenable to fluorescence 

spectroscopy (Lakowitz, 1999; Stryer, 1968), which is a phenomenon that occurs 

when molecules return to their ground state from an excited state by emitting a 

photon of a longer wavelength than the incident photon. In proteins, tryptophan 

is an intrinsic fluorophore (and to a lesser degree, tyrosine). The intensity and 
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Figure 2.1 - Characteristic UV-Vis spectrum of wild-type 
holoflavodoxin. This spectrum features prominently a peak at 
approximately 275 nm (contributions from aromatic amino acids) and a 
double peak between 350 and 500 nm (contributions from FMN; 
oxidized). 
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peak of tryptophan fluorescence can give information about the environment of 

the fluorophore such as its degree of hydrophobic burial or solvent exposure 

(Chen and Barkley, 1998). In addition to tryptophan fluorescence, some 

cofactors (such as FMN) display characteristic fluorescence spectra that can 

provide information about their coordination to a host protein (Fig. 2.2). 

Circular dichroism (CD) spectroscopy 

CD is a method used in protein folding studies to determine the relative 

amount of secondary structure for a given protein of interest (Adler et al., 1973; 

Fasman, 1996; Kelly and Price, 1997; Woody, 1995). The theory behind CD is 

that chiral molecules (like proteins) absorb left and right circularly polarized light 

to different extents. The difference in the amount of left and right circularly 

polarized light (AA = AL - AR) absorbed by a sample at a given wavelength is 

plotted over many wavelengths to give a characteristic spectrum. In most protein 

folding studies, CD signal is reported in ellipticity (9) with the units of degrees or 

millidegrees. There is a simple relationship between AA and 9 given by the 

equation: 9 = 32.98 AA where 9 is in degrees (Kelly and Price, 1997). It should 

be noted that as most CD data is reported in millidegrees (mdeg), one 

millidegree is the result of the difference in absorption of left and right circularly 

polarized light by a chiral sample of approximately 3 X 10"5 absorbance units. 

Far-UV CD (about 190 - 240 nm) gives information about the secondary 

structure of proteins as the absorbing group in this region is mostly the peptide 

bond. In this region, a-helices, p-strands, and unfolded proteins are all easily 
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Figure 2.2 - Characteristic fluorescence spectrum of wild-type apo-
(dashed) and holoflavodoxin (solid) with excitation at 285 nm. For 
apoflavodoxin, only the Trp60 fluorescence peak is seen. For 
holoflavodoxin, two peaks are present: one peak at approximately 350 
nm corresponds to intrinsic fluorescence from Trp60 (this peak is 
quenched by FMN coordination) and another peak at approximately 
525 nm corresponds to FMN fluorescence. 
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differentiated based on their characteristic spectra. As flavodoxin is an a/p 

protein, its characteristic CD spectrum displays a mixture of a-helical and p-

strand features (Fig. 2.3). As a result of the difference in the characteristic 

spectra of native and unfolded proteins, it is possible to follow the gain and loss 

(and therefore folding and unfolding) of secondary structural elements of proteins 

of interest using far-UV CD. In contrast to far-UV CD, near-UV CD (about 240 -

320 nm) gives information about the environment of aromatic amino acid side-

chains (Trp, Tyr, and Phe). Shapes of near-UV CD spectra can provide 

additional information as to the rigidity of the fold, interactions between aromatic 

side-chains, and the number of aromatic amino acids (Kelly and Price, 1997). 

Differential scanning calorimetry (DSC) 

DSC, unlike spectroscopic techniques, gives direct information about the 

energetics of protein unfolding (Privalov, 1979; Privalov, 1982; Sanchez-Ruiz, 

1992). In a typical DSC experiment, a purified, soluble protein (approximately > 

0.5 mg/ml) is placed in the sample chamber of the calorimeter with a buffer 

identical to that in the protein solution being placed in the reference chamber. 

The two cells are heated at a constant rate, and the difference in the amount of 

heat uptake (heat capacity; ACP) for the two cells is plotted against temperature. 

The plot of heat capacity versus temperature often results in a single peak 

(phase transition) at a particular temperature (the melting point of the protein) 

(Fig. 2.4). Heat capacities of proteins are lower than the reference, buffer 

condition as water has a higher heat capacity than proteins (Cooper, 1999). In 
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Figure 2.3 - Simplified representation of characteristic CD spectra of 
a-helical (blue), (3-sheet (red), and unfolded (green) elements of 
proteins. In purple is a simplified representation of the characteristic 
spectrum of flavodoxin with its combination of a-helical and [3-sheet 
secondary structural elements. 
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Figure 2.4 - Simplified representation of characteristic DSC 
thermogram for protein unfolding. Apparent in the unfolding 
thermogram are the pre-transitional region (flat region at left), the 
unfolding transition (center peak), and the post-transitional region (flat 
region to right). The y-axis plots heat capacity (Cp), the peak of the 
transition corresponds to the thermal midpoint (Tm), the change in heat 
capacity (ACP) is represented in the offset of the native and unfolded 
baselines, and calorimetric enthalpy (AHcai) can be calculated by 
integrating the area under the transition peak. 
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addition to the melting point (Tm), the calorimetric enthalpy of the unfolding event 

can be calculated by integrating the area beneath the peak, and the shape of the 

peak can provide information about the degree of complexity of the unfolding 

process. 

Protein engineering (site-directed mutagenesis) 

Breakthroughs such as polymerase chain reaction (PCR) and isolating and 

engineering specific lines of bacterial cells have allowed protein biochemists to 

make changes to existing proteins. One of the most often used protein 

engineering techniques is site-directed mutagenesis. Site-directed mutagenesis 

is used to make single point mutations to convert one amino acid of interest into 

another to determine the contribution of the original amino acid to structure or 

function. Site-directed mutagenesis is achieved by constructing two 

complimentary oligonucleotides containing the new codon of interest flanked by 

the wild-type DNA sequence. Through several rounds of PCR amplification, 

mutated plasmids are formed. The mutated plasmid is selected for using Dpnl 

digestion. Dpnl digests the original wild-type plasmid as it recognizes methylated 

DNA but not PCR amplified, mutant DNA. 

Experimental 

Protein purification 

Flavodoxin was overexpressed in BL21(DE3) Escherichia coli cells from 

Stratagene. One L cultures were grown at 37 °C and shaking at 205 rpm until an 

OD6oo = 0.9 was reached, at which point cells were induced with a final 
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concentration of 1.6 mM IPTG. Cells were then allowed to grow four more hours 

at initial growth conditions before harvesting by centrifugation. The resulting cell 

pellets from overexpressions were resuspended in approximately the same 

volume of buffer (20 mM sodium citrate, pH 5.2) as the dry pellet volume and 

stored at -80 °C. Cell pellets were thawed at room temperature, and all further 

steps were performed at 4 °C. Thawed cell pellets were passed through an 18 

gauge needle before being broken using a cell disruptor (EmulsiFlex-G5; 

Avestin). Cells were broken by passing through the cell disruptor three times at 

approximately 15,000 psi. The resulting solution was centrifuged at 15,000 rpm 

(4 °C) for 15 minute intervals (discarding the pellet each time) until no pellet was 

visible. The supernatant was then filtered sequentially through 5 (am and 0.45 

(am syringe filters from Fisher. 

All buffers used for protein purification were filtered and degassed prior to use 

with an AKTA FPLC system (Amersham Pharmacia) in a cold box (Thermo) 

maintained at 4 °C. 

Ion exchange 

One of two anion exchange columns was used depending on the size of the 

starting cell pellet. For overexpressions involving < 4 L, a 5 ml Mono-Q cartridge 

(GE Healthcare - Amersham Pharmacia) was used. For overexpressions 

greater than 4 L, a hand-poured 80 ml DEAE-Sepharose column (Pharmacia) 

was used. Columns were equilibrated using two column volumes of buffer B (20 
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mM sodium citrate, 2 M NaCI, pH 5.2) followed by two column volumes of buffer 

A (20 mM sodium citrate, pH 5.2) or until a UV baseline was reached. 

Centrifuged and filtered cell lysates were loaded onto the column at a flow-

rate (usually between 0.5 and 2 ml/min) that correlated to a backpressure below 

0.3 MPa. As the FMN of flavodoxin was in its semi-reduced form at this point, a 

successful column loading resulted in a deep purple band at the top of the 

column. After loading the anion exchange column, the column was again 

washed in buffer A until a characteristic UV baseline was reached. Flavodoxin 

was eluted from the column using a gradient of 0->40 % buffer B at 0.5 ml/min 

over 150 minutes while collecting 4 ml fractions. The two species of flavodoxin 

(apo- and holo-forms) separate on the anion exchange column with 

apoflavodoxin eluting first. 

SDS-PAGE was used to assess protein purity. SDS-PAGE was performed 

using 4-12 % Bis-Tris gels (Invitrogen) and Mark 12 molecular weight standard 

(Invitrogen). Peak fractions were pooled for both apoflavodoxin and 

holoflavodoxin. Fractions containing a mixture of both forms (as determined by 

SDS-PAGE and color) were included with the holo-protein. In order to ensure 

homogeneity of the holo-protein, exogenous FMN was added along with a small 

amount of potassium ferricyanide (to fully oxidize the FMN cofactor). Both apo-

and holo-protein containing pools were centrifuged at 15,000 rpm to remove any 

insoluble impurities (or extra additive). Both proteins were then concentrated 

42 



using Viva Spin 20 3,000 MWCO (Sartorius) columns at 7,500 rpm down to 

approximately 2-4 ml. 

Gel filtration (size exclusion) 

After anion exhange, a 120 ml bed-volume Superdex 30 column (GE 

Healthcare - Amersham Pharmacia) was used for gel filtration. The column was 

equilibrated using two column volumes of gel filtration buffer (10 mM HEPES, pH 

7). Before loading, all protein was centrifuged at 15,000 rpm to remove any 

insoluble particles. A 2 or 5 ml loop was used for sample injection depending on 

the volume to be loaded. When purifying both apo- and holo-forms of flavodoxin, 

the holoflavodoxin was loaded first to use its yellow color to visually assess the 

migration of the protein and the separation of exogenous FMN in the salt volume. 

Protein was eluted from the column using a flowrate of 0.5 ml/min (corresponding 

to a column pressure of 0.15-0.18 MPa) while collecting 5 ml fractions. After the 

salt volume of the holoflavodoxin load eluted, the second protein (if necessary) 

would be loaded and eluted as before. Peak fractions were diluted over 

approximately 40-60 ml from the original load volume. 

Protein purity was assessed after elution using SDS-PAGE (Fig. 2.5). Peak 

fractions were pooled, centrifuged, and concentrated as before. Protein 

concentrations were determined using UV-Vis absorption of serial dilutions (e.g., 

1:10, 1:20, 1:30, 1:40, and 1:50) of concentrated protein and molar extinction 

coefficients of S280 = 11,460 M"1 cm"1 for apoflavodoxin and S452 = 10,300 M"1 cm"1 
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Figure 2.5 - Example of SDS-PAGE of purified flavodoxin after gel 
filtration. Far left lane is Mark 12 unstained standard with molecular 
weights (in kDa). 



for holoflavodoxin. Fully FMN-loaded holoflavodoxin had a ratio of A28o:A452 of ~ 

3.7. Protein was stored at -80 °C in 700 |J to 1 ml aliquots. 

Thermal and chemical equilibrium experiments 

In all experiments, a protein concentration of 20 (j,M was used unless 

specified otherwise. All buffers were filtered and degassed and other reagents 

(chemical denaturant and synthetic crowding agents) were filtered before use to 

ensure that no impurities would contribute to experimental spectroscopic signals. 

High quality urea and Ficoll 70 were both purchased from Sigma, and dextran 70 

was purchased from Amersham. To ensure equilibrium conditions in both 

thermal and chemical experiments, all samples were allowed to equilibrate for 30 

minutes to 2 hours before measuring. 

CD measurements were made using a Jasco J-810 instrument and 

temperature was maintained using a Jasco PTC-424S peltier. Far-UV CD 

measurements were performed using a 1 mm pathlength, and near-UV CD 

measurements were performed using a 1 cm pathlength. Fluorescence 

experiments were carried out using a Cary Eclipse fluorescence 

spectrophotometer and temperature was maintained using a Cary temperature 

controller. 

For thermal equilibrium denaturations, sample cuvettes were stoppered to 

ensure that no solution evaporated at high temperatures. No scan rate 

dependence was found for flavodoxin between 0.1 and 2.5 °C/min, so unless 
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otherwise noted, thermal denaturation experiments were carried out using a 1.5 

°C/min (90 °C/hr) rate. Temperature denaturation experiments performed using 

CD detection monitored changes in ellipticity at 222 nm unless otherwise 

specified. Data was fit to the following two-state equilibrium equation to 

approximate the thermal midpoint (Tm) adapted from (Luo et al., 1995; 

Maldonadoetal.,2002): 

S = [SF + Su e (AH(1 - T ^ m » / R T ] / [1 + e ( A H ( 1 -T/Tm»/RT] (Eq. 2.1) 

where S is the observed signal, SF is the signal in the folded state, Su is the 

signal in the unfolded state, R is the gas constant, T is temperature, and Tm is the 

thermal midpoint. The original equation included a term for heat capacity (ACP), 

however, this equation assumes a ACP of zero (for simplification) as this 

assumption does not affect the calculation of an accurate Tm (the term of 

interest). For systems and experimental conditions where an accurate ACP has 

been measured, the original fitting equation may be used effectively. 

Thermal denaturation experiments performed by DSC were accomplished 

using a VP-DSC instrument. All buffers and samples were degassed at 15 °C for 

approximately 10 minutes prior to experiments. Sample concentrations varied 

between 40 and 100 \M protein (~ 0.5 - 2 mg/ml). Scan rates were maintained 

at 1.5 °C/min for heating and 1 °C/min for cooling. 

Chemical equilibrium unfolding experiments were performed using 

reduced volume cuvettes for both far-UV CD and fluorescence. Unless specified 
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otherwise, all experiments were undertaken at 20 °C. Individual samples were 

made at approximately 0.25 M increments of denaturant, and in most cases, urea 

was the denaturant. Each sample was monitored by the averaging of two CD 

spectra scanning from 260 to 200 nm. For fluorescence experiments, samples 

were excited at 285 nm and monitored from 300 to 550 nm. As with CD 

experiments, each sample spectrum was the result of averaging of two spectra 

over the length of the full fluorescence scan. Chemical equilibrium unfolding 

experiments provide information about the difference in energies between the 

native and unfolded states at each denaturant concentration as shown here: 

AGu = -RTIn(K) (Eq. 2.2) 

where AGu is the Gibbs free energy of unfolding, R is the universal gas constant, 

T is temperature in Kelvin, and K is the equilibrium constant ([U]/[N]). Assuming 

a linear relationship between AG and [denaturant] in the transition of a 

denaturation curve, one can extrapolate AG to zero denaturant in order to 

approximate AGu(H20) as shown here (Greene and Pace, 1974): 

AGu = AGu(H20) - m[denaturant] (Eq. 2.3) 

where AGu(H20) is the Gibbs free energy of unfolding extrapolated to zero 

denaturant and m is the slope of the linear dependence of AG on denaturant 

concentration, m-values are presumed to give information about the change in 

solvent accessible surface area (AASA) between the native and unfolded states 

of proteins upon denaturation (Myers et al., 1995). 
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In practice, raw data can be fit directly to give thermodynamic information 

in chemical equilibrium unfolding experiments as shown here (Santoro and 

Bolen, 1988): 

y = {(YF + mF[D]) + (yu + mu[D]) * e((AGu(H20)"m[D]'RT)} / (1 + e-
(AGu(H20)~m[D1'RT)) (Eq. 2.4) 

where y is the observed signal, yF is the signal of the folded state, yu is the signal 

of the unfolded state, mF is the slope of the pre-transitional baseline, mu is the 

slope of the post-transitional baseline, m is the slope of the transition, [D] is the 

concentration of denaturant, AGu(H20) is the free energy of unfolding in water, R 

is the gas constant, and T is the temperature. 

Kinetic folding dynamics 

All kinetic experiments were performed on an Applied Photophysics TT*-180 

stopped-flow mixer monitoring CD signal at 222 nm. Temperature was controlled 

using a Julabo F30-C peltier. For most experiments, the temperature was 

controlled at 20 °C. Either 1:5 or 1:10 mixing ratios were used, and samples 

were equilibrated 30 min to 2 hours. In all experiments (unless otherwise noted), 

a final concentration of 20 )a,M protein was used. For all experiments, rates were 

determined using single exponential decays resulting from fits to the average of 

three to eight consecutive mixings (shots). 

Plotting the natural logarithm of each of the rates determined by single 

exponential decays as a function of denaturant concentration gives the classical, 
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V-shaped, Chevron plot (Fig. 2.6). Experimental data can be fitted as followed to 

calculate folding and unfolding rates in zero denaturant (Maxwell et al., 2005): 

info*.) = ln[e(*+ mF[D]'RT) + e(e + mU[D]'RT>] (Eq. 2.5) 

where kobs is the observed rate, mF is the slope of the folding phase, my is the 

slope of the unfolding phase, A is the natural logarithm of the folding rate 

extrapolated to zero denaturant (ln/cf
H2°), and B is the natural logarithm of the 

unfolding rate extrapolated to zero denaturant (ln/cu
H2°). This equation assumes 

a linear relationship of ln(/c) versus denaturant concentration and allows for the 

fitting of an entire Chevron plot whereas it has its origins in equations for fitting 

the folding and unfolding phases individually (adapted from (Jackson and Fersht, 

1991)): 

ln/ff = ln/cf
H2° - mkf[D] (Eq. 2.6) 

ln/cu = ln/cu
H20 + mku[D] (Eq. 2.7) 

Kinetic folding experiments (and to a lesser degree unfolding) were 

accompanied by the presence missing amplitude in the burst-phase (dead-time; 

approximately a few msec) of the stopped-flow mixer monitoring CD signal at 222 

nm. Calculation of missing amplitudes was performed at each tested condition 

by dividing the amount of amplitude change recorded by the instrument by the 

amount of amplitude change expected as follows: 

% Miss. Amp. (Refolding) = {1 - [-a / (Bu + S)]} * 100 (Eq. 2.8) 

% Miss. Amp. (Unfolding) = {1 - [(Bf + a) / -S]} * 100 (Eq. 2.9) 
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Figure 2.6- Characteristic Chevron plot constructed from stopped-
flow mixing experiments. Each data point represents the natural 
logarithm of the calculated rate constant derived by fitting 
experimental data to single exponential decays. The dashed red lines 
represent linear fits to the folding phase (left arm) and unfolding phase 
(right arm) which are extrapolated to zero denaturant to calculate 
folding and unfolding rates in water. 
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where a is the amplitude change observed in the kinetic trace (in mdeg), Bu is the 

signal of the unfolded baseline, Bf is the signal of the folded baseline, and S is 

the final signal observed for the particular kinetic trace. All data for missing 

amplitude calculation came from fits thus lessening the contribution of 

experimental noise. Calculation for the average missing amplitudes for individual 

proteins came from averaging the % missing amplitude of each data point in the 

linear portions of the folding phase of Chevron plots. 

The amino acid sequence ofD. desulfuricans flavodoxin 

The flavodoxin gene was sequenced in 1990 (Helms et al., 1990). Our lab 

has subsequently worked with a pet-24c(+) plasmid expressing wild-type 

flavodoxin obtained from the lab that originally sequenced the flavodoxin gene. 

However, preliminary DNA sequencing of the plasmid revealed an apparent 

single-nucleotide mutation between the received plasmid and the original 

published sequence. The apparent mutation changed the originally published 

79th codon from AAC (coding for asparagine) to GAC (coding for aspartic acid). 

We have come to believe that the original published sequence is incorrect, and 

the 79th amino acid should indeed be an aspartic acid. Sequence alignments of 

known flavodoxins show a conserved, acidic amino acid at position 79 (Fig. A.3). 

In order to assess whether the 79th amino acid should indeed be Asp instead of 

Asn, I created a point mutation to return the plasmid to the published sequence. 

I then overexpressed the plasmid and purified D79N apoflavodoxin. Thermal and 

51 



chemical equilibrium experiments clearly show that the original published 

sequence of the protein codes for a less stable protein than the apparently 

mutated sequence (Fig. A.4). In light of the facts that flavodoxins have evolved 

with an acidic amino acid at position 79 and that Asp79 apoflavodoxin is more 

stable than Asn79 apoflavodoxin (assessed by both Tm and AGu(H20)), we 

believe that the wild-type sequence of D. desulfuricans (ATCC 29577) flavodoxin 

should include an aspartic acid residue at position 79. 
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: 3LGATLVASS L 
JMGAVVIGBS L 
^GAQIVGSKSTQGYIFHSSIAVVQGQFVGLAL 
AHAGHwGQTSTBGYraFAAsHAVgGGHFVGLVI 

!ISOJjGG0TVGYWSTB,GYB.FN[ijS0ALpGQFVGLAL 

BVL0QL 
BVLH 
BV||JGAI 
@VLAgV 

3lVSWGSGIA|jffl l 
VAAWLAQIAPHFGLSL 
lAQwvSQVinGSFA 
lflswVAQL|3s[jJFGl. 

29577 
27774 
VULGA 
GIGAS 
SALEX 
AVINE 
HPYLO 
A7119 

Figure 2.7 - Sequence alignment of various flavodoxins using Clustal 
W program. Charged residues are shown in red (-) and blue (+). 
Flavodoxins include those from D. desulfuricans ATCC 29577 
(29577), D. desulfuricans ATCC 27774 (27774), D. vulgaris 
(VULGA), D. gigas (GIGAS), D. salexigens (SALEX), Azotobacter 
vinelandii (AVINE), Helicobacter pylori (HPYLO), and Anabaena 
PCC7119 (A7119). Conserved acidic residue at position 79 shifted 
here to residue 85 (red arrow). Figure adapted from Sedlak et al. 
(2008a). 
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Figure 2.8 - Thermal (left) and urea denaturation (right) of the original 
published sequence (D79N) of apoflavodoxin (blue) and the sequence 
the Wittung-Stafshede lab has been using (wt) (red). "Wild-type" 
apoflavodoxin unfolds with a Tm of ~ 67.8 °C while D79N 
apoflavodoxin has a Tm of ~ 61.1 °C. AGuCHbO) values calculated for 
the two proteins were 26.4 kJ/mol for wild-type and 22.1 kJ/mol for 
D79N apoflavodoxin (100 mM KPi, pH 7, 20 °C). 
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CHAPTER 3: EFFECTS OF MACROMOLECULAR CROWDING ON THE 
STRUCTURE AND STABILITY OF FLAVODOXIN. 

The results presented in this chapter include published (Homouz et al., 2009; 
Perham et al., 2007; Stagg et al., 2007) and unpublished material. 

Increase in protein secondary structure compared to in buffer 

Crowding theory suggests that biological processes that result in increasing 

the amount of available volume in a system will be promoted by macromolecular 

crowding (i.e., compaction via conformational isomerization or intermolecular 

association) (Minton, 2005a; Minton, 2005b; Zhou, 2004; Zimmerman and 

Minton, 1993). As a result, it is reasonable to assume that macromolecular 

crowding could affect both the packing of the folded structure of a protein as well 

as increasing the stability of the protein against denaturation as compared to 

dilute buffer conditions. 

In order to test these theories, I used both wild-type apoflavodoxin and 

holoflavodoxin in concert with synthetic crowding agents (especially Ficoll 70 and 

dextran 70) and assessed effects of crowding on both the folded structure and 

stability of flavodoxin. I used the synthetic crowding agents in the range of 0-400 

mg/ml, which correlates with typical concentrations of macromolecular crowders 

in vivo (Ellis, 2001a). However, it should be noted that at higher concentrations 

of synthetic crowding agents (as at 100 mg/ml Ficoll 70 the calculated excluded 

volume ~ 50 %), it cannot be assumed that the shapes of the crowding agents 

are conserved or that the individual sugar polymers are not interpenetrating each 

other (close packing has been suggested for crowding agents above <|>c ~ 0.6 
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(conditions of approximately 60 % volume exclusion) (Wenner and Bloomfield, 

1999)). 

Interestingly, I found that in the tested range of crowding conditions, the 

folded CD signal for both apo- and holoflavodoxin seemed to increase in the 

presence of crowding agents (10 mM HEPES, pH 7, 20 °C) (Fig. 3.1). For 

apoflavodoxin, I found that the negative CD signal of the protein in 200 mg/ml 

Ficoll 70 increased 10 % compared to in buffer alone and in 400 mg/ml Ficoll 70, 

the negative CD signal increased 15 % compared to the buffer condition. 

Similarly, large increases in folded CD signal were found for the holo-protein. At 

200 mg/ml Ficoll 70, the CD signal of folded holoflavodoxin increased 24 %, and 

at 400 mg/ml Ficoll 70, the folded CD signal increased 33 % from the buffer 

condition. 

Using the structural algorithm SOMCD (http://geneura.ugr.es/cgi-

bin/somcd/index.cgi) (Unneberg et al., 2001), it was discovered that most of the 

secondary structural increases to apo- and holoflavodoxin in the presence of 400 

mg/ml crowding agent occurred in a-helices. For example, in the case of 

apoflavodoxin, the helical content of the protein determined by SOMCD 

increases by approximately 20 % in 400 mg/ml Ficoll 70 compared to the buffer 

condition while the amount of random coil decreases by greater than 10 %. The 

changes to the secondary structural content of apoflavodoxin in the presence of 

400 mg/ml Ficoll 70 makes the approximate secondary structural content of 
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Figure 3.1 - Effects of increasing amounts of Ficoll 70 (0-400 mg/ml) 
on folded secondary structural content of apoflavodoxin (left) and 
holoflavodoxin (right) (10 mM HEPES, pH 7, 20 °C). Figures adapted 
from Perham et al. (2007) and Stagg et al. (2007). 
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apoflavodoxin (a-helices, p-strands, and loops) agree qualitatively with that of the 

crystal structure of Desulfovibrio vulgaris flavodoxin (a structural homolog) and 

the recently solved Desulfovibrio desulfuricans flavodoxin (Guelker et al., 2009) 

(pdb:3f6r) (Table 3.1). This suggests that the protein in buffer alone may be 

quite dynamic, especially in its outer, helical regions, and the inclusion of 

crowding agents tunes the structure more toward that of a crystal structure, 

which is of course determined under quite crowded conditions. 

In contrast to the changes in secondary structure for apo- and holoflavodoxin 

in the folded state, the structure of unfolded protein seemed to be much less 

affected. For both apo- and holoflavodoxin unfolded by guanidinium chloride 

(GdmCI), the addition of Ficoll 70 (up to 400 mg/ml) elicited no difference in 

secondary structural composition (as evidenced by overlapping CD spectra) (Fig. 

3.2). For apo-and holoflavodoxin unfolded thermally, there was a small increase 

in the amount of secondary structure as a result of increasing concentration of 

Ficoll 70 (Fig. 3.3). However, in all cases, the shapes of the CD spectra suggest 

that the protein is still unfolded, and the magnitude of change is lower than that 

seen for the folded proteins. 

Increase in thermal stability 

In order to assess the effects of excluded volume on flavodoxin stability, I 

used both Ficoll 70 and dextran 70 (in the case of holoflavodoxin) between 0 and 

400 mg/ml coupled with monitoring CD signal at 222 nm. As expected, the 
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% a-helix % P-strand % turn / random coil 

Experimental 
Buffer 

100mg/mlFicoll70 
400 mg/ml Ficoll 70 

Structure 
2fx2 (vulgaris) 

3f6r (desulfuricans) 

14 ±6 
25 ±13 
34 ±13 

37 
40 

34 ±5 
33 ± 6 

26 ±10 

30 
20 

52 ±1 
42 ±5 
40 ± 6 

33 
40 

Table 3.1 - SOMCD secondary structural predictions for 
apoflavodoxin {experimental) in buffer and in the presence of 100 and 
400 mg/ml Ficoll 70 (10 mM HEPES, pH 7). Amount of calculated 
secondary structure in crystal structures of D. vulgaris and D. 
desulfuricans flavodoxins {structure) also shown. 
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Figure 3.2 - Negligible effects of Ficoll 70 (0-400 mg/ml) on the 
secondary structure of 3 M GdmCl unfolded apoflavodoxin (left) and 
holofiavodoxin (right) (10 mM HEPES, pH 7, 20 °C). Figures taken 
from Perham et al. (2007) and Stagg et al. (2007). 

58 



O) 
0) 
T3 
E 

* • " • 

a o 

0 

-10 

-20 

-30 

I I "T 

Apo 

-f^\J* 
r*^-*jr 

I I I 

I I 

-

" " 
210 220 230 240 250 

Wavelength (nm) 

260 

No Ficoll 
100mg/ml 
200 mg/ml 
300 mg/ml 
400 mg/ml 

210 220 230 240 250 

Wavelength (nm) 
260 

Figure 3.3 - Minor effects of Ficoll 70 (0-400 mg/ml) on secondary 
structure of thermally unfolded apoflavodoxin (left) and 
holoflavodoxin (right) (10 mM HEPES, pH 7, 95 °C). Although 
secondary structure increases, the spectral shape remains that of an 
unfolded polypeptide. Figures taken from Perham et al. (2007) and 
Stagg et al. (2007). 

59 



thermal stability of both apo- and holoflavodoxin (10 mM HEPES, pH 7) 

increased as a function of increased concentration of synthetic crowding agent 

(Figs. 3.4 and 3.5). Both Ficoll 70 and dextran 70 elicit significant increases in 

the Tm of holoflavodoxin. In the buffer condition, the Tm of holoflavodoxin was 

approximately 48 °C. Conversely, upon the addition of 400 mg/ml Ficoll 70, the 

Tm of holoflavodoxin increased to 64 °C. At 400 mg/ml dextran 70, the Tm of 

holoflavodoxin increased to 70 °C. The shapes of the thermal denaturation 

curves and later DSC experiments show that the unfolding event is two-state 

under the observed experimental conditions. 

In the case of apoflavodoxin, the thermal midpoint increased from 45 °C in the 

buffer condition to 65 °C in 400 mg/ml Ficoll 70. Interestingly, I found that 

thermal stability was greatly modulated by buffer condition (Fig. 3.5) (Table 3.2). 

The Tm for apoflavodoxin increased by as much as 25 °C when changing buffers 

from 10 mM HEPES, pH 7 to 40 mM phosphate, 250 mM NaCI, pH 7. These 

data agreed with previous work showing that phosphate stabilizes flavodoxin 

(Muralidhara et al., 2005) as well as with our later work (Sedlak et al., 2008a; 

Sedlak et al., 2008b). Regardless of buffer effects, the Tm of apoflavodoxin 

under all buffer conditions increased with the addition of Ficoll 70. Only the 

magnitude of the stability change was affected by the buffer condition. In short, 

the effects of crowding on apoflavodoxin were more significant in buffers less 

stabilizing to the protein. 
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T (deg C) T (deg C) 

Figure 3.4 - Thermal denaturation of holoflavodoxin monitored by CD 
signal at 222 nm as a function of [Ficoll 70] (left) and [dextran 70] 
(right) (10 mM HEPES, pH 7). Figures taken from Perham et al. 
(2007). 

Temp (deg C) Ficoll 70 (mg/ml) 

Figure 3.5 - Left panel shows increase of thermal stability of 
apoflavodoxin as a function of increasing [Ficoll 70] (0-400 mg/ml) as 
monitored by CD signal at 222 nm (10 mM HEPES, pH 7). Right 
panel shows the coupled effects of buffer (10 mM HEPES, pH 7, dark 
squares; 20 mM KPi, pH 7, open circles; and 40 mM KPi, 250 mM 
NaCl, pH 7, dark diamonds) and Ficoll 70. Figures taken from Stagg et 
al. (2007). 
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Buffer 

HEPES 
Phosphate 

Phosphate + NaCl 
Simulation 

Bulk 

317±1 
328 ± 1 
342 ± 1 

365 

100 
mg/ml 
321 ± 1 
330 ± 1 

343 ± 1 
372 (at <|>c 

200 
mg/ml 

325 ± 1 
-

-

= 25 %) 

300 
mg/ml 

331 ± 1 
338 ± 1 
346 ± 1 

400 
mg/ml 

337 ± 1 
341 ± 1 

-

Table 3.2 - Thermal midpoints for apoflavodoxin with various amounts 
of Ficoll 70 for in vitro experiments monitored by CD 222 nm in three 
buffer conditions (10 mM HEPES, pH 7; 20 mM KPi, pH 7; and 40 
mM KPi, 250 mM NaCl, pH 7) as well as Tm values determined in 
silico. Data for table from Stagg et al. (2007). 
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Increase in chemical stability 

In accordance with experiments assessing the effects of crowding on 

flavodoxin thermal stability, we also expected that the addition of synthetic 

crowding agents to apoflavodoxin would increase the chemical equilibrium 

stability of the protein. As chemical equilibrium experiments by default require 

the addition of relatively large volumes of denaturant (in this case urea), high 

concentrations of crowding agent are not achievable. All urea denaturation 

curves were apparent two-state processes as verified by overlapping transitions 

monitored by both CD and fluorescence. 

In the case of apoflavodoxin in 10 mM HEPES, pH 7, the addition of 150 

mg/ml Ficoll 70 or dextran 70 increased the equilibrium stability of the protein. 

The protein in buffer alone exhibited a very low free energy of unfolding (only 4.4 

kJ/mol - calculated by two-state fits), however the free energy of unfolding 

increased to 7.2 kJ/mol in the presence of 150 mg/ml Ficoll 70 and 8.9 kJ/mol in 

the presence of 150 mg/ml dextran 70. The slopes of the unfolding transitions 

appeared relatively unchanged with the addition of crowding agent, however, the 

urea unfolding midpoint (U1/2) noticeably increased upon the addition of 75 and 

150 mg/ml crowding agents (Fig. 3.6). 

In agreement with the effects of phosphate on apoflavodoxin thermal stability, 

I found that the free energy of unfolding of apoflavodoxin in 100 mM KPi, pH 7 is 

26.4 kJ/mol compared to 4.4 kJ/mol in 10 mM HEPES, pH 7. The calculated free 

63 



I I I 1 I I I I I I I I i I 

0 1 2 3 4 5 6 0 1 2 3 4 5 6 

Urea concentration (M) Urea concentration (M) 

Figure 3.6 - Urea denaturation of apoflavodoxin with 0 (filled circles), 
75 (open squares), and 150 mg/ml (filled triangles) Ficoll 70 (left 
panel) and dextran 70 (right panel) monitored by CD signal at 222 nm 
(10 mM HEPES, pH 7, 20 °C). Figure taken from Homouz et al. 
(2009). 
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energy of unfolding for apoflavodoxin (100 mM KPi, pH 7) increases, but not 

significantly, upon the addition of 100 mg/ml Ficoll 70. However, the urea 

midpoint of unfolding does increase from 4.3 M urea to 4.7 M urea upon the 

addition of 100 mg/ml Ficoll 70 (Fig. 3.7). The discrepancy in the more 

quantitative assessment of stability (AGu(H20)) and the more qualitative 

assessment (U1/2) could be attributable to a slightly more broad (lower m-value) 

slope in the transition region for apoflavodoxin in the presence of 100 mg/ml 

Ficoll 70. 

Analyzing chemical denaturation curves quantitatively in the presence of 

macromolecular crowding agents is difficult, because it is unclear whether the 

synthetic sugar molecules uptake the chemical denaturant (a similar case to 

other three-component systems; (Bolen, 2001)). If in this case, urea is 

partitioned equally between the inside of Ficoll 70 molecules and the buffer, the 

apparent concentration of urea "felt" by apoflavodoxin molecules is accurately 

defined. However, if the urea molecules are effectively crowded by Ficoll 70 

molecules, and partition only into the buffer, then the apparent concentration of 

urea "felt" by apoflavodoxin is higher than the assumed concentration and the 

effects of crowding are underestimated. If the second hypothesis were true for 

our system, then we would expect the cooperativity of the unfolding event (and 

thus the m-value) to appear to increase as the apparent concentration of 

denaturant "felt" by the protein would increase at increments greater than the 
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Figure 3.7 - Urea denaturation of wild-type apoflavodoxin in the 
absence (open circles) and presence (closed squares) of 100 mg/ml 
Ficoll 70 monitored by CD signal at 222 nm (100 mM KPi, pH 7, 20 
°C). 
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assumed increments of the x-axis. We do not observe an increase in calculated 

m-values, and thus we believe that in the case of urea, denaturant molecules 

partition into both the buffer and the interior of the crowding agents. 

Discussion 

Correlation between in vitro and in silico results 

In order to substantiate the results found in my in vitro experiments assessing 

effects of excluded volume on protein structure and stability, we collaborated with 

Dr. Margaret Cheung's group (University of Houston - Department of Physics) 

who specializes in biophysical simulations. Dr. Cheung's group used coarse

grained, C(a) side-chain modeling (Ca-SCM) representing Desulfovibrio vulgaris 

flavodoxin (pdb:2fx2), which is homologous to D. desulfuricans flavodoxin (46 % 

identity), and a Go-like interaction (where native, crystal structure interactions are 

attractive and non-native interactions are repulsive) to construct a free energy 

landscape. In Ca-SCM simulations, each a-carbon is modeled as a bead and 

another bead is placed at the center of mass of the simulated amino acid. In 

addition, Ficoll 70 molecules were simulated as inert spheres with a radius of 55 

A (the calculated radius of Ficoll 70) (Fig. 3.8). 

In agreement with in vitro data, simulations depicted a single thermal 

unfolding transition for apoflavodoxin that increased in the presence of spherical 

macromolecular crowding agents. The in silico Tm of apoflavodoxin increased by 
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Figure 3.8 - Depiction of periodic box used by Cheung group in 
simulations of apofiavodoxin (blue chain and pink spheres) in the 
presence of Ficoll 70 (gray spheres). Figure taken from Stagg et al. 
(2007). 
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approximately 7 K from the buffer condition to a volume occupancy of 25 % (^ = 

25 %). 1D energy profiles of apoflavodoxin simulated at a temperature near the 

in silico thermal transition (T = 360 K) showed that the energy minimum of the 

folded state ensemble increased in terms of the fraction of native-like interactions 

(Q) with an increase in volume occupancy from Q = 0.76 (at ^ = 0 %) to Q = 

0.80 at ^ = 25 % and Q = 0.82 at ^ = 40 % (not shown). Similarly, 2D energy 

landscapes for apoflavodoxin at 360 K showed clearly that the radius of gyration 

(Rg) of the folded-state ensemble shifted to a more compact (lower Rg) set of 

structures at ^ = 25 % compared to in buffer (Fig. 3.9). Despite the decrease in 

Rg for the folded-state ensemble at fa = 25 %, the shape parameters of the 

polypeptide remained virtually unchanged, suggesting that the compaction 

effects of the spherical crowding agent on apoflavodoxin were isotropic. 

Difference contact maps (at fa = 0 % and ^ = 25 %) suggested that the 

compaction event most likely occurs as surrounding helices squeeze in toward 

the central beta sheet and terminal helical fraying is decreased (not shown). 

Similar trends found with unrelated, a-helical protein (VIsE) 

In addition to work on the a/p protein, flavodoxin, Dr. Michael Perham also 

probed the effects of macromolecular crowding on the a-helical, elongated 

protein VIsE from Borrelia burgdorferi (Eicken et al., 2002; Homouz et al., 2008). 

In accord with the findings on the effects of synthetic crowding agents on 

flavodoxin structure and stability, Dr. Perham found that the secondary structural 

content of folded VIsE increased as a function of increasing [Ficoll 70]. He also 
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Figure 3.9 - 2D energy landscapes of apofiavodoxin at T = 360 K in 
bulk (A) and 25 % volume occupancy (B). Rg is radius of gyration in 
units of a (a = 3.8 A), Q is fraction of native-like contacts, and color is 
scaled by kBT. Figure taken from Stagg et al. (2007). 
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found that the thermal stability of VIsE increased approximately 6 °C upon going 

from the buffer condition (20 mM phosphate, pH 7) to 400 mg/ml Ficoll 70 

(Perham et al., 2007). In contrast to my work on flavodoxin, it was found that at 

high concentrations of Ficoll 70, thermally unfolded VIsE adopted a non-native 

secondary structure that could best be approximated to a p-sheet/tum structure. 

Simulations by the Cheung group showed that the asphericity of VIsE in concert 

with spherical crowding agents may be the reason behind the adoption of non-

native-like structures of VIsE under particular conditions of excluded volume and 

denaturant (Homouz et al., 2008). Interestingly, some of the non-native-like 

structures adopted by VIsE resulted in the exposure of an antigenic region (IRe) 

(Liang et al., 1999) that is normally buried in the protein. 

Summary 

The increase in secondary structural content of two folded proteins 

(flavodoxin and VIsE) upon addition of synthetic crowding agents was not an 

expected phenomenon, as popular crowding theory predicted that only the 

energetics of the unfolded state would be affected (by compaction of the 

entropically favored, elongated polypeptide). In both cases (flavodoxin and 

VIsE), the addition of synthetic crowding agents in the range of 100-400 mg/ml 

elicited increases in the amount of calculated a-helical content and a decrease in 

the amount of random coil contribution. The SOMCD structural algorithm was 

used to calculate changes in flavodoxin secondary structure due to increased 

macromolecular crowding. This algorithm uses a set of 6 references (two a-

helical, two p-sheet, and two random coil) and 39 training sets (proteins with 
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differing amounts of each secondary structure based on their crystal structures) 

from which to predict the secondary structural content of proteins of interest 

based on experimental CD data (Unneberg et al., 2001). For flavodoxin, the 

SOMCD structural algorithm calculated that the secondary structural content of 

the protein in the presence of 400 mg/ml Ficoll 70 very closely resembled the 

secondary structural content observed in the crystal structures of D. vulgaris 

flavodoxin (pdb:2fx2; a structural homolog) and D. desulfuricans flavodoxin 

(pdb:3f6r). These data suggest that excluded volume effects may effectively 

tune protein structures toward crystal structures (where molecules effectively 

crowd each other). Admittedly, the SOMCD data has considerable amounts of 

calculated error due in large part to the inability of obtaining reliable CD data in 

the range of £ 205 nm as a result of the absorbance of the synthetic crowding 

agents. 

Observed changes to the folded state of flavodoxin due to the presence of 

macromolecular crowding agents as well as the global change in structure of at 

least one "intrinsically disordered" protein (FlgM) in the presence of both 

synthetic crowding agents and in the cell (Dedmon et al., 2002) suggest that 

significant structural changes may occur in proteins due to crowding. I do not 

claim that intrinsically disordered proteins are artifactual (due only to in vitro 

conditions). In fact, at least in the cases of two intrinsically disordered domains 

of human proteins, it has been shown that the presence of macromolecular 

crowding agents does not result in spontaneous folding (Flaugh and Lumb, 
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2001). However, in light of the fact that protein structures have been shown to 

vary to different degrees in the presence of macromolecular crowding, I would 

suggest that researchers probe the effects of volume exclusion on disordered 

proteins before classifying them as "intrinsically disordered." 

In contrast to changes in the secondary structural content of the folded state 

of flavodoxin, we found the secondary structure of chemically unfolded flavodoxin 

(3M GdmCI) to be completely unchanged upon addition of crowding agent. 

Thermally unfolded flavodoxin does appear to have slightly more secondary 

structure in the presence of crowding agents, however the shapes of the CD 

spectra do not change, suggesting that the protein is still globally unfolded. This 

suggests that energetic changes may occur both to the folded and unfolded 

states of the protein as a result of macromolecular crowding. Interestingly, for 

VIsE, Dr. Perham and Dr. Cheung's group found that relatively high 

concentrations of crowding agents in concert with certain denaturant conditions 

resulted in non-native-like structures to the protein that exposed the normally 

buried IR6 antigen to solvent. Analogously, other groups have also observed 

changes in the unfolded state of proteins as a function of macromolecular 

crowding. Cytochrome c was found to adopt a molten globule state at low pH in 

the presence of crowding agents (Sasahara et al., 2003) and the intrinsically 

unstructured protein, FlgM, was found to fold under crowded conditions (Qu and 

Bolen, 2002). 
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As expected by crowding theory, both the thermal and chemical equilibrium 

stability of flavodoxin increases under conditions of macromolecular crowding. 

As hypothesized by Minton, it is possible that Tm values of soluble proteins could 

increase as much as 20 °C in the presence of physiological amounts of 

macromolecular crowding (Minton, 2000a). Others had seen modest increases 

in protein thermal stability as a function of increasing excluded volume. For 

example, the Tm of G-actin increased by 5 °C in 100 mg/ml PEG (Tellam et al., 

1983) and the Tm of cytochrome c increased by 3.5 °C in 370 mg/ml dextran (Hall 

and Dobson, 2006). However, the Tm of flavodoxin in my studies was increased 

by approximately 20 °C, which correlates with Minton's hypothesis. Admittedly, 

flavodoxin is particularly sensitive to buffer content, and the degree to which the 

presence of crowding agents modulates the stability of the protein is dependent 

on buffer make-up (especially ionic concentration and presence of phosphate) 

However, in all buffer conditions, protein stability increases as a result of 

crowding. 
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CHAPTER 4: EFFECTS OF SMALL IONS ON STABILITY AND FOLDING OF 
APOFLAVODOXIN 

The results presented in this chapter include published material (Sedlak et al., 
2008a; Sedlak et al., 2008b). 

Cations in f< 250 mMl affect apoflavodoxin through specific interactions 

Cations increase apoflavodoxin thermal stability 

It has long been accepted that salts can affect protein properties. As early as 

the late 1800s, the Hofmeister series of ions was being constructed based on the 

effects of certain salts on protein solubility (Hofmeister, 1888). Since then, it has 

been found that effects of ions on other protein properties often follow the 

Hofmeister series of ions. Salts may affect proteins either directly through 

binding or indirectly by modulating the structure of bulk water (Baldwin, 1996; 

Collins, 1997; Timasheff, 1992; Zhang et al., 2005). Anions in general elicit 

greater effects on protein properties than cations. In order to gain insight into the 

effects of cations on protein properties, one would hypothesize that a negatively 

charged protein would be the proper protein of choice. D. desulfuricans 

apoflavodoxin is a highly acidic protein (net charge of -19 at neutral pH) (Fig. 

4.1), and the host organism has evolved to live in high salt environments (in 

certain cases greater than 4 M NaCI) (Kerkar, 2005). 

Our original interest in studying the general effects of cations on 

apoflavodoxin stability arose from the surprising discovery that low 

concentrations (^ 250 mM) of guanidinium chloride (GdmCI), which is normally a 

powerful denaturant, significantly stabilized apoflavodoxin against thermal 
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Figure 4.1 - Electrostatic surface map of apoflavodoxin using 
homology modeling of D. desulfuricans sequence on D. vulgaris 
structure with 3D jigsaw program. Negative residues are colored in 
red, positive residues are blue, and non-charged residues are white. 
Figure taken from Sedlak et al. (2008a). 
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denaturation (Fig. 4.2). Previous studies had shown that low concentrations of 

Gdm+ may elicit modest increases in protein stability (Bhuyan, 2002; Hagihara et 

al., 1993; Mayr and Schmid, 1993; Shukla et al., 2005). In order to assess the 

effects of cations on apoflavodoxin stability, we evaluated the effects of a range 

of chloride salts with monovalent cations spread across the Hofmeister series of 

ions. The chosen monovalent cations were Gdm+, NH4
+, Cs+, K+, Na+, and Li+ 

(listed here in order from most chaotropic to most kosmotropic). The reference 

buffer condition for all experiments was 10 mM HEPES, pH 7. Under these 

mildly stabilizing conditions, the thermal transition of apoflavodoxin appeared to 

be a simple, two-state mechanism (as indicated by agreement in CD, 

fluorescence, and DSC data) with a thermal midpoint centered at approximately 

46 °C (which agrees very closely with earlier work (Stagg et al., 2007)). The 

thermal stability of apoflavodoxin increased greatly with additions of increasing 

amounts of Gdm+ up to 250 mM after which increasing Gdm+ concentrations 

destabilized the protein against thermal denaturation. At all tested Gdm+ 

concentrations between 0 and 1 M, thermal midpoints determined by the three 

detection methods were consistent (Table 4.1). 

Extending the study to the other cations, we found that each cation stabilized 

apoflavodoxin against thermal denaturation in the studied concentration range. 

In fact, the dependence of the thermal midpoint of apoflavodoxin against the 

concentration of any given cation gave the appearance of a binding curve in each 

case suggesting specific binding events (Fig. 4.3). These apparent binding 
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Figure 4.2 - DSC experiments of apoflavodoxin with varying 
concentrations of GdmCl (0, 10, 25, 50, 100 and 250 mM) showing an 
increase in thermal stability with increasing [Gdm+] (10 mM HEPES, 
pH 7). Figure adapted from Sedlak et al. (2008a). 

[Gdm+](mM) T^CD (°C) T ^ f C ) T^DSC (°Q 

0 
10 
25 
50 
100 
250 
500 
1000 

45.9 
58.5 
62.4 
64.5 
66.4 
66.9 
65.4 
58.9 

46.2 
58.1 
61.7 
64.6 
66.2 
66.5 
64.4 
58.7 

46.2 
58.7 
62.7 
64.9 
66.2 
65.8 
64.3 
57.6 

Table 4.1 - Thermal midpoints calculated for apoflavodoxin 
denaturation in the presence of varying amounts of Gdm+ by three 
detection methods (CD, fluorescence, and DSC) (10 mM HEPES, pH 
7). 

O 

E 

< 

20H 

10H 

OH 
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70 //-

Figure 4.3 - Dependences of apoflavodoxin thermal midpoints (Tm) 
monitored by CD signal at 222 nm on Gdm+ (closed circles), NH4

+ 

(grey circles), Cs+ (closed triangles), K+ (open triangles), Na+ (open 
circles), and Li+ (asterisks) concentrations (10 mM HEPES, pH 7). 
Inset shows apparent dissociation constants (Kd,app) calculated for 
each ion based on apparent binding curves. Figure adapted from 
Sedlak et al. (2008a). 
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curves can be fit very simply to give apparent Kd values (Kd, app) as shown with 

the following equation: 

S = AS ([cation] / (Kd,app + [cation])) (Eq. 4.1) 

where S is the measured parameter (in this case Tm), AS is the change in Tm 

from the reference value, and Kd, app is the apparent dissociation constant for the 

studied cation. This equation assumes 1-to-1 binding. Interestingly, the 

calculated Kd values for the studied ions agree qualitatively with the position of 

the cations in the Hofmeister series (with chaotropic Gdm+ binding with the most 

affinity and kosmotropic Li+ binding with the least affinity). We believe that there 

are likely many non-specific binding sites for cations on the surface of 

apoflavodoxin (as was found for the phosphate anion; (Muralidhara and Wittung-

Stafshede, 2003)). However, there may be a specific binding event between the 

studied cations and apoflavodoxin that engenders the significant increase in 

thermal stability. Av values may be calculated for proteins in the presence of 

salts for which DSC data is available, and this parameter approximates the 

difference in the number of bound ions for the protein in the unfolded state 

relative to the native state. In the case of apoflavodoxin in the presence of Gdm+ 

( 0 - 1 0 0 mM), calculated Av values (not shown) suggest that one fewer cation is 

present in the unfolded state relative to the native state (potentially dissociation 

of one specifically bound cation). 
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Cations increase apoflavodoxin chemical equilibrium stability 

In the reference, buffer condition (10 mM HEPES, pH 7), apoflavodoxin has 

an extremely low free energy of unfolding in urea (AGu(H20) = 4.4 ± 0.7 kJ/mol 

calculated by CD and 6.2 ± 0.4 kJ/mol calculated by fluorescence). In contrast, 

urea equilibrium unfolding of apoflavodoxin in the presence of 250 mM Gdm+ 

(Fig. 4.4) and all other studied cations dramatically increased the free energy of 

unfolding (Table 4.2). In addition to the increases in free energy of unfolding, the 

m-values (slope of transition region) for unfolding also increased in the presence 

of cations. This suggests an increase in the amount of exposed surface area 

between the native and unfolded states in the presence of cations. This is often 

explained as an increase in the "cooperativity" of unfolding (Uversky and Ptitsyn, 

1996). In the case of apoflavodoxin unfolding as a function of the presence or 

absence of 250 mM [cation], we believe that the sizeable increase in the 

calculated m-values is a result of an increase in the rigidity of the native state of 

apoflavodoxin, thus resulting in a larger disparity between the solvent accessible 

surface area between the native state (which is presumably more compact in the 

presence of cations) and the unfolded state. Along with the increased free 

energy of unfolding and increased m-values, the urea unfolding midpoint of 

apoflavodoxin also dramatically increased in the presence of the studied cations. 

Cations modulate the folded state of apoflavodoxin 

The folded secondary structure of apoflavodoxin exhibited modest increases 

in CD signal (both near-UV and far-UV) as a function of increasing cation 
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Figure 4.4 - Urea denaturation of apoflavodoxin monitored by CD 
signal at 222 nm (closed triangles) and fluorescence (open circles) in 
buffer alone and in the presence of 250 mM Gdm+ (10 mM HEPES, pH 
7, 20 °C). Figure adapted from Sedlak et al. (2008a). 

Cation Method AGu (kJ/mol) m(kJ/mol,M) [Urea] 1/2 (M) 

4.4 ± 0.7 
6.2 ± 0.4 

25.2 ±1.9 
22.7 ± 0.7 
24.4 ± 2.3 
21.8±1.8 
23.5 ± 1.2 
24.7 ±1.8 
24.0 ± 0.8 
23.5 ±1.5 
26.9 ± 0.8 
26.8 ±1.3 
22.4 ± 0.8 
29.0 ±1.6 

2.5 ± 0.9 
2.8 ±0.1 
6.2 ± 0.2 
5.8 ±0.2 
6.0 ±0.6 
5.3±0.5 
5.3 ±0.3 
5.5 ±0.4 
5.5 ±0.2 
5.2 ±0.3 
5.9 ±0.2 
5.9 ±0.3 
5.4 ± 0.2 
7.1 ±0.4 

1.9 
2.3 
4.0 
3.9 
4.0 
4.1 
4.4 
4.5 
4.5 
4.5 
4.5 
4.6 
4.1 
4.1 

Table 4.2 - Thermodynamic parameters calculated from urea 
equilibrium denaturation of apoflavodoxin in the presence and absence 
of 250 mM of the studied chloride salts (10 mM HEPES, pH 7, 20 °C) 
as monitored by CD and fluorescence (F). Data for table from Sedlak 
et al. (2008a). 
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concentration (Fig. 4.5). However, the spectral shape did not change from the 

buffer condition to increasing cation concentrations. As compared to changes in 

apoflavodoxin native structure in the presence of macromolecular crowding 

agents, the presence of salts increased the folded CD signal approximately 3-fold 

less. 

However, as a result of the slight modulation of native structure, we decided 

to assess 1-anilino-8-naphthalene sulfonate (ANS) binding fluorescence with 

apoflavodoxin in the presence and absence of the studied cations. ANS is a 

fluorescent probe that binds to nonpolar solvent-exposed regions of proteins and 

is most often used to assess accumulation of intermediate protein species or 

changes in tertiary structure (Semisotnov et al., 1991). In the case of 

apoflavodoxin in the native state, ANS fluorescence shifted to shorter 

wavelengths and increased in intensity upon the increase in cation concentration. 

The amount of shift in wavelength and intensity varied for each cation with no 

apparent correlation to cation properties, however, again as with Tm values, the 

dependence of ANS intensity maxima (Xmax) on cation concentration gave the 

appearance of a binding curve (Fig. 4.6). Fitting these binding curves as before 

gave apparent Kd values. The Kd values calculated by ANS binding agree 

qualitatively with those determined by Tm values (with the exception of Cs+). It is 

difficult to propose a mechanism explaining the changes in ANS fluorescence on 

the native state of apoflavodoxin as a function of increasing cation concentration. 
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Figure 4.5 - Far- (left panel) and near-UV CD (right panel) of 
apoflavodoxin in buffer alone (bold lines) and in the presence of 250 
mM Gdm+ (thin lines). Left panel shows native apoflavodoxin (solid 
lines) and thermally unfolded apoflavodoxin (dashed lines). Figure 
taken from Sedlak et al. (2008a). 
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Figure 4.6- Dependences of ANS fluorescence on [cation] for each of 
the studied cations (Gdm+, closed circles; NH4

+, grey circles; Cs+, 
closed triangles; K+, open triangles; Na+, open circles; and Li+, 
asterisks). Inset shows apparent dissociation constants (Kd,app) for each 
of the ions. Figure adapted from Sedlak et al. (2008a). 
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However, it is possible that ion screening may decrease the amount of charge-

charge repulsions on the surface of the highly negatively charged protein 

creating a slightly more rigid fold with defined surface exposed non-polar ANS 

binding patches. 

Effects of anions on thermal stability 

In order to ensure that we were not overlooking the contribution of anions (in 

the above cases, CI") to apoflavodoxin stability, we assessed the effects of three 

anions on apoflavodoxin thermal stability. We chose S04
2~, CI", and CI04" (all 

present as sodium salts) because of their different positions in the Hofmeister 

series (with sulfate being highly kosmotropic, perchlorate being chaotropic, and 

chloride lying in the middle of the series). We found that in the cases of the 

studied anions at the concentrations of interest (< 250 mM), there is only a small 

change in the dependence of the Tm of apoflavodoxin as a function of the type of 

anion present (and all data overlaps at < 100 mM) (Fig. 4.7). At higher 

concentrations, the dependence of Tm on the concentration and type of anion 

follows the Hofmeister series with sulfate being the most stabilizing and 

perchlorate being the most destabilizing. Our data suggest that at low anion 

concentrations (< 100 mM), the specific effects of Na+ on apoflavodoxin 

dominate, and only at higher salt concentrations do the Hofmeister effects of the 

anions come in to play. 
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[cation] (mM) 
900 

Figure 4.7 - Dependences of apoflavodoxin thermal midpoints (Tm) 
monitored by CD signal at 222 nm (10 mM HEPES, pH 7) on various 
anions (scaled to Na+ concentration). Figure adapted from Sedlak et al. 
(2008a). 
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Cations affect both kinetic folding and unfolding rates of apoflavodoxin 

In an attempt to correlate increases in chemical equilibrium stability of 

apoflavodoxin with kinetic effects, we assessed the kinetic folding rates of 

apoflavodoxin in the buffer condition along with in the presence of 250 mM 

GdmCI (chaotropic Gdm+ cation) and 250 mM LiCI (kosmotropic Li+ cation). 

Using stopped-flow mixing monitored by CD signal at 222 nm, we performed 

urea unfolding and refolding by dilution on apoflavodoxin under the three buffer 

conditions. As mentioned before (Eq. 1.4), apoflavodoxin folds via a complex 

mechanism involving an assumed off-pathway intermediate that populates during 

the dead-time of the stopped-flow mixer (approximately a few msec). However 

the missing amplitude in the burst-phase was not analyzed here. At the tested 

conditions, both Gdm+ and Li+ salts affected the kinetic folding and unfolding 

rates of apoflavodoxin similarly. Chevron (semilogarithmic) plots of all three 

kinetic experiments show that the folding rate of apoflavodoxin increases and the 

unfolding rate decreases with 250 mM Gdm+ and Li+ (Fig. 4.8). 

Ions in larger amounts (> 250 mM) affect stability of oppositely charged proteins 
(apoflavodoxin and cytochrome c) similarly 

Our previous work on the effects of cations on the stability of apoflavodoxin 

suggested that at low concentrations of cation, specific interactions between 

cations and apoflavodoxin are responsible for changes in protein stability. At 

higher concentrations of ions (where the Hofmeister series is expected to hold 

true), recent disagreements in the field of protein biophysics have occurred from 
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[urea] (M) 

Figure 4.8 - Semilogarithmic, chevron plots of kinetic 
folding/unfolding of apoflavodoxin monitored by CD signal at 222 nm 
in buffer alone (open circles) and in the presence of 250 mM Gdm+ 

(closed circles) and Li+ (open triangles) (10 mM HEPES, pH 7, 20 °C). 
Folding rates calculated from single exponential step occurring after 
burst-phase. 
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opposing views of the effects of salts on proteins. One camp believes that the 

presence of salt modulates the hydration bonding network of water and affects 

protein properties indirectly. However, recent work using time-resolved infrared 

spectroscopy, X-ray absorption and X-ray Raman scattering studies, as well as 

pressure perturbation calorimetry suggests that the effects of ions in solution on 

the hydrogen bonding network of bulk water do not extend past the first hydration 

shell of the ions (Batchelor et al., 2004; Naslund et al., 2005; Omta et al., 2003). 

In order to assess the origin of Hofmeister effects on protein stability, we used a 

range of small ions in concert with two vastly oppositely charged proteins. As 

before, we used apoflavodoxin (-19 net charge at pH 7), and we also used horse 

heart cytochrome c (+ 17 net charge at pH 4.5) (purchased from Sigma). In both 

cases, we assessed the dependence of the Tm values for both proteins on the 

type and concentration of six cations (Gdm+, Li+, Na+, K+, NH4+, and Cs+ ; all 

present as chloride salts) and seven anions (SO42", CH3COO", CI", Br", I", NO3", 

and CIO4"; all present as sodium salts). 

Effects of ions on apoflavodoxin and cytochrome c thermal stability 

Experiments using model polymers have shown that at conditions where the 

polymers are saturated by ions (> - 200 mM), there is a linear relationship 

between the thermal midpoint of the polymers and ion concentration (Baldwin, 

1996). As expected, at the concentrations tested (300 mM - 1.75 M), the 

dependences of apoflavodoxin and cytochrome c Tm values on ion concentration 

are linear (Fig. 4.9). Reproducibility of Tm values was tested using reheating 
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Figure 4.9 - Dependences of thermal transitions (Tm) of apoflavodoxin 
(left panels) and cytochrome c (right panels) monitored by CD signal at 
222 nm on concentration of cations (top panels) and anions (bottom 
panels) (10 rtiM HEPES, pH 7). The counter ion for the studied anions 
is Na+ while the counter ion for the studied cations is CI". Figure 
adapted from Sedlak et al. (2008b). 
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experiments and in all cases the calculated Tm agreed within ± 0.5 °C of the 

original experiment. The linear slopes of the dependence of Tm values on ion 

concentration (dTm/d[ion]) were used as a measure to assess the efficiency of 

each ion in modulating protein stability (Table 4.3). In the case of cations, all the 

studied cations stabilize both proteins in the tested concentrations with the 

exception of Gdm+. It has been well accepted that anions have greater effects 

on protein properties (e.g., protein solubility and stability) than cations (Collins, 

2004). In agreement, our data shows that anions do have a greater effect on 

protein stability. In particular, sulfate ions greatly stabilize both proteins in 

comparison to the effects of any of the studied cations. Interestingly, the effects 

of both the set of cations and anions on both proteins are qualitatively very 

similar despite the vastly different surface charges of the two proteins. 

Correlation of ion effects with ion properties 

In an effort to pinpoint some of the properties of ions responsible for their 

Hofmeister effects on proteins, we attempted to correlate some of these intrinsic 

ion properties with our experimental dTm/d[ion] values for apoflavodoxin and 

cytochrome c. The values of intrinsic ionic properties used in correlations come 

from selected publications (Marcus, 1997; Pegram and Record, 2007). 

Ion partition coefficients 

One particularly interesting property of ions is the air/water partition 

coefficient. This coefficient describes the partitioning of dissolved ions into the 

air/water interface versus the bulk. We reasoned that ions that partition more 
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Apoflavodoxin r Cytochrome c r 
Anions 
SO42" 

cr 
Br" 

N03" 
I" 

CH3COO 
CIO4" 

Cations 
Li+ 

Na+ 

r 
NH4+ 

Cs+ 

Gdm+ 

18.8 ±1.2 
9.7 ±0.8 
4.3 ± 0.4 

-
-

8.4 ±0.3 
-6.4 ± 0.7 

2.5 ±0.8 
9.7 ±0.8 
10.4 ±0.8 
2.4 ± 0.6 
7.9 ± 0.4 

-11.6 ±0.7 

0.996 
0.987 
0.980 

-
-

0.998 
-0.977 

0.835 
0.987 
0.988 
0.907 
0.995 
-0.993 

21 ±1.1 
5.7 ±0.2 
0.5 ± 0.0 
-2.4 ± 0.2 
-6.1 ±0.5 

-
-

2.1 ±0.2 
5.7 ±0.2 
7.1 ±0.3 
3.7 ± 0.2 
5.0 ± 0.2 

-14.2 ±0.3 

0.996 
0.997 
0.993 
-0.983 
-0.986 

-
-

0.976 
0.997 
0.996 
0.992 
0.997 
-0.999 

Table 4.3 -dTm/d[ion] values calculated using linear fits for 
apoflavodoxin (pH 7) and cytochrome c (pH 4.5) including correlation 
constants (r.) Data for table taken from Sedlak et al. (2008b). 
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into the air/water interface than the bulk may also accumulate preferentially 

around the surface of proteins relative to the bulk. This view is debatable as no 

clear correlation has been made, but it would hold true intuitively for well-defined 

surface regions on proteins with relatively low polarity. In fact, for anions, we find 

that the calculated dTm/d[ion] values for both apoflavodoxin and cytochrome c do 

correlate with anionic portioning coefficients (Fig. 4.10). In the case of cations, 

there is an apparent correlation as well, however the position of the Gdm+ 

partition coefficient may skew the correlation to appear stronger than it may be in 

reality. If our original hypothesis is correct stating that ions that partition 

preferentially into the air/water interface may also accumulate at the protein 

surface, then the correlation between dTm/d[ion] values and ion partition 

coefficients for apoflavodoxin and cytochrome c may suggest that direct protein-

ion interactions mediate Hofmeister effects and not indirect effects of dissolved 

ions on the hydrogen-bonding network of the bulk. 

Surface tension 

The effects of ions on surface tension (Y) are directly related to the propensity 

of ions to partition to the air/water interface (Pegram and Record, 2007). As we 

have found a correlation between dTm/d[ion] and ion partition coefficients, it 

would stand to reason that we should also see a correlation between dTm/d[ion] 

and surface tension. In fact, we do find a correlation between dy/d[ion] and 

dTm/d[ion] (not shown). In general, we find that the more the ion increases 

surface tension, the more the ion stabilizes the proteins against thermal 
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Figure 4.10 - Dependences of dTm/d[ion] for apoflavodoxin (left 
panels) and cytochrome c (right panels) on cation (top panels) and 
anion (bottom panels) partition coefficients. Linear correlation 
coefficients are noted in the top right of each panel. Error bars in x-
direction from source data (Pegram and Record, 2007). Figure adapted 
from Sedlak et al. (2008b). 
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denaturation. Our results agree with a number of previous studies suggesting 

that ionic effects on surface tension modulates protein-ion interactions (Arakawa 

and Timasheff, 1982; Breslow and Guo, 1990; Jensen et al., 1995; Kaushik and 

Bhat, 1999; Lee and Timasheff, 1981). In the case of the ions tested in our 

study, all of the ions contribute positively to surface tension (meaning an increase 

in surface tension relative to bulk water). In light of the fact that Gdm+, I", N03", 

and CI04" are destabilizing, effects of ions on surface tension is likely a 

contributing factor to protein stability but not the dominant factor. 

Preferential hydration 

Surface tension is one of the two properties of ions generally assumed to 

affect protein stability. The other factor is preferential hydration (Breslow and 

Guo, 1990). 

5 (AG stability) = 5 (AG cavitation) + 5 (AG solvation) ( E q . 4 . 2 ) 

Above, the net free energy of stabilization depends on cavity formation 

(describing surface tension effects) and solvation (preferential hydration). In the 

cases of ions that destabilize proteins regardless of their increase in surface 

tension, the ions must affect the proteins through another mechanism. It is our 

belief, that in these particular cases, protein destabilization through direct protein-

ion interactions (determined by ion preferential hydration) dominates the 

stabilizing effects of increased surface tension by the same ions. This 

hypothesis is well supported at least for Gdm+. Molecular dynamics approaches 

have shown that Gdm+ can stack preferentially on the side-chains of planar 

amino acids (Arg, Trp, and Gin) as well as to a lesser extent on aliphatic side-
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chains (Mason et al., 2007). Analogously, Gdm+ has also been suggested to 

bind directly to the peptide group (Courtenay et al., 2001; Courtenay et al., 2000). 

Charge density 

One intrinsic property of the tested ions for which there is a disparity between 

the effects of cations and anions is ion charge density. In the case of both 

apoflavodoxin and cytochrome c, there is a linear correlation between dTm/d[ion] 

and ion charge density only for the anions (Fig. 4.11). There is no apparent 

correlation between dTm/d[ion] and ion charge density for the tested cations. 

These findings do correlate with a number of other studies. In particular, 

vibrational sum frequency spectroscopy studies have shown that the ability of 

anions to orient water molecules at macromolecular interfaces is directly related 

to the position of the anion in the Hofmeister series while no correlation could be 

made for cations (Cacace et al., 1997). In addition, other studies have shown 

that charge density is a major determining factor in protein-ion interactions 

(Collins, 1997; Collins, 2006; Collins et al., 2007). The role of charge density (a 

hydration related parameter) in mediating protein-ion interactions in our study is 

further strengthened by the correlation between dTm/d[ion] and ion hydration 

entropies, viscosity coefficients, and ion hydration numbers (not shown). 

Role of peptide backbone 

Interestingly, the correlation between dTm/d[ion] and intrinsic ion properties for 

the studied ions were similar both for the negatively charged apoflavodoxin and 

the positively charged cytochrome c. Our data suggest that the electrostatic 
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Figure 4.11 - Dependences of dTm/d[ion] for apoflavodoxin (closed 
circles) and cytochrome c (open circles) versus charge densities for 
studied cations (left panel) and anions (right panel). Figure adapted 
from Sedlak et al. (2008b). 

97 



surface potentials of the two proteins play only a minor role in the effects of ions 

on protein stability in the studied range. The major contributor to protein-ion 

interactions responsible for the increase in protein stability in the studied ion 

concentration range must be common to both proteins. Both surface exposed 

non-polar side-chains and peptide groups have been suggested to mediate 

protein-ion interactions (Nandi and Robinson, 1972a; Nandi and Robinson, 

1972b; Von Hippel and Hamabata, 1973). In the case of apoflavodoxin and 

cytochrome c, the amount of exposed nonpolar surface is similar. Thus it is 

difficult to distinguish between effects of ions on nonpolar surfaces and the 

peptide group. However, we do believe it to be reasonable to assume a primary 

role for the peptide group due to the nature of peptide group hydration. The 

peptide group can be separated into two entities: the chaotropic (dehydrated) 

amide group and the kosmotropic (hydrated) carboxyl group. As mentioned 

earlier, anions are known to affect protein stability more strongly than cations. 

Anions can more readily bind to the chaotropic amide group, whereas cations 

(regardless of hydration) will find it more difficult to bind to the carboxyl with its 

well-formed hydration shell. 

Discussion 

Our studies on small ion effects on protein stability reveal a number of protein 

and ion properties that strongly modulate protein-ion interactions. In the case of 

negatively charged apoflavodoxin, low concentrations of cations (< 250 mM) 

appear to affect protein stability through specific binding. Low concentrations of 

cations elicit significant increases in apoflavodoxin thermal equilibrium stability, 
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chemical equilibrium stability, and kinetic folding rates while decreasing unfolding 

rates. Both dependences of Tm values and ANS binding on cation 

concentrations have the appearance of binding curves that result in the 

calculation of qualitatively similar Kd,app values (with Cs+ occupying slightly 

different positions). The calculated Kd,app values for the studied cations appear to 

correlate with ion hydration and thus with the Hofmeister series. While the 

studied cations do slightly increase the secondary structure of the folded state of 

apoflavodoxin (far-UV CD), the changes are small in comparison with those 

found for macromolecular crowding agents. 

Correlation between cationic effects on apoflavodoxin stability and cation 

hydration suggests direct protein-ion interactions which was also suggested for 

the apoflavodoxin from Anabaena (Maldonado et al., 2002). However, the 

degree to which cations stabilize halophilic, D. desulfuricans apoflavodoxin is 

greater than the effects seen for Anabaena flavodoxin. This suggests that D. 

desulfuricans has evolved to take advantage of high intracellular cation 

concentrations. As mentioned before, previous studies had shown that low 

concentrations of Gdm+ may elicit modest increases in protein stability (Bhuyan, 

2002; Hagihara et al., 1993; Mayr and Schmid, 1993; Shukla et al., 2005). 

However, in the case of D. desulfuricans apoflavodoxin, we found that the 

addition of 250 mM Gdm+ increased the thermal midpoint of apoflavodoxin by 20 

°C and the free energy of unfolding increased 5-fold in the presence of 250 mM 

Gdm+. 
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As specific binding of cations appears to be the major factor effecting 

negatively charged apoflavodoxin stability at relatively low ion concentrations, we 

chose a positively charged protein (cytochrome c) along with apoflavodoxin to 

assess the effects of higher concentrations of ions on protein stability. We found 

that regardless of surface electrostatic potential, the effects of individual cations 

and anions in the tested range (300 mM - 1.75 M) were similar for both proteins. 

dTm/d[ion] values for both proteins correlated linearly with ion air/water partition 

coefficients for both cations (weakly) and anions (strongly). Analogously, 

dTm/d[ion] values correlated well with ion effects on surface tension and with 

anion charge density. However, dTm/d[ion] values did not correlate with cation 

charge density or with ion polarizability. The fact that both cations and anions 

have similar effects on oppositely charged proteins suggests that binding events 

between ions and peptide groups could be the dominant factor determining the 

effects of salts on protein stability. Direct ion-peptide bond interactions have 

been previously suggested for model amides (Bello et al., 1966; Nandi and 

Robinson, 1972b). Also, the chaotropic (dehydrated) nature of the amide moiety 

of the peptide group could explain the greater effects of anions on protein 

stability. Our results suggest that even at high ion concentrations where the 

effects of ions have been hypothesized to result from an altered hydrogen 

bonding network in the bulk, direct protein-ion interactions still play a major role 

in modulating protein stability. 
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CHAPTER 5: TIME-RESOLVED FOLDING MECHANISM OF 
APOFLAVODOXIN AND ROLE OF MACROMOLECULAR CROWDING 

The results presented in this chapter include published material (Homouz et al., 
2009) as well as unpublished material (Stagg, Samiotakis, Homouz, Cheung, and 
Wittung-Stafshede. (2009). Residue specific analysis of frustration in folding 
landscape of repeat fi/cc protein apoflavodoxin (in review)). 

Assessing folding mechanism of apoflavodoxin 

Numerous species of apoflavodoxin have been studied, and it has been found 

that most apoflavodoxins fold through a complex, non-two-state mechanism 

involving an off-pathway intermediate (Eq. 1.4). Previous studies on D. 

desulfuricans apoflavodoxin came to the same conclusion (Muralidhara et al., 

2006). Conversely, equilibrium unfolding of apoflavodoxin has been found to be 

two-state at all the experimental conditions discussed here. 

Effects of macromolecular crowding on folding of apoflavodoxin 

My previous work with macromolecular crowding agents (Ficoll 70 and 

dextran 70) and apoflavodoxin showed that the effects of excluded volume acted 

to increase the amount of secondary structure in the folded state of 

apoflavodoxin as well as increasing thermal stability. In addition, 

macromolecular crowding agents increased the stability of apoflavodoxin against 

urea denaturation. In an effort to assess the effects of macromolecular crowding 

on the kinetic folding mechanism of apoflavodoxin, I used stopped-flow mixing in 

the presence and absence of macromolecular crowding agents. 

In the reference buffer condition (10 mM HEPES, pH 7), apoflavodoxin 

displays a very modest free energy of unfolding by urea denaturation of only 4.4 
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kJ/mol. However, upon the additions of 150 mg/ml Ficoll 70 or dextran 70, the 

free energy of unfolding increases to 7.2 and 8.9 kJ/mol respectively (as 

calculated by CD at 222 nm) (Fig. 3.6). Analogously, using stopped-flow mixing, 

I found that apoflavodoxin exhibited a very modest folding rate in the reference 

buffer condition. However, upon the additions of Ficoll 70 and dextran 70 at final 

concentrations of 75 and 150 mg/ml, apoflavodoxin folding rates significantly 

increased (approximately 2.5 fold increase at 150 mg/ml crowding agent) (Fig. 

5.1) (Table 5.1). Unfolding rates decreased upon the addition of crowding 

agents, but only slightly. These findings suggest that the increase observed in 

equilibrium stability of apoflavodoxin in the presence of macromolecular crowding 

agents is most attributable to speeding up the folding rate. Our observation of 

faster folding rates for apoflavodoxin in the presence of macromolecular 

crowding agrees with theory and experimental work (Cheung et al., 2005; van 

den Berg et al., 2000) and likely has its origin in the destabilized nature of the 

unfolded state due to crowding. Although AGu(H20) values calculated from 

kinetic rates do not agree exactly with those calculated from equilibrium 

experiments (disagreement is expected in this case as a result of the off-pathway 

intermediate), the increase in AGu(H20) values as a function of increased 

concentration of crowding agents in the kinetic experiments does agree 

qualitatively with the equilibrium data. 
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Figure 5.1 - Chevron plots of apoflavodoxin folding/unfolding 
monitored by CD signal at 222 nm in the presence of 0, 75, and 150 
mg/ml Ficoll 70 (A) and dextran 70 (B) (10 mM HEPES, pH 7, 20 °C). 
Folding rates calculated from single exponential step occurring after 
burst phase. Figure adapted from Homouz et al. (2009). 

Crowding Agent (mg/ml) Ms"1) *u(s_1) 

0 
75 (Ficoll 70) 
150 (Ficoll 70) 
75 (dextran 70) 
150 (dextran 70) 

0.39 ± 0.02 
0.56 ± 0.02 
0.95 ± 0.02 
0.53 ± 0.02 
0.95 ± 0.02 

0.016 ±0.005 
0.01610.005 
0.01010.005 
0.014 ±0.005 
0.009 ± 0.005 

Table 5.1 - Folding and unfolding rates for apoflavodoxin in the 
presence and absence of various amounts of Ficoll 70 and dextran 70 
calculated from fits to Chevron plots (10 mM HEPES, pH 7, 20 °C). 
Data for table from Homouz et al. (2009). 
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In vitro and in silico results suggest crowding agent geometry affects folding 
mechanism 

Under the tested experimental conditions, I was able to observe (indirectly) 

the accumulation of the off-pathway intermediate in stopped-flow mixing 

experiments. The stopped-flow mixer has a dead-time of approximately a few 

milliseconds. In all cases, I observed missing amplitude in the dead-time of the 

experiment (suggesting a burst-phase intermediate) (Fig. 5.2). In short, this 

means that kinetic refolding traces do not start from the unfolded baseline 

amplitude at the zero time point. Instead, the kinetic folding traces start from a 

more negative CD signal. The simplest explanation in the case of an off-pathway 

intermediate is that the missing amplitude corresponds to the amount of 

secondary structure in the off-pathway intermediate. Conversely, the amount of 

missing amplitude could correspond to a mixture of different populations of 

structural states. 

Interestingly, the amounts of missing amplitude calculated in the refolding 

phase of apoflavodoxin in the reference buffer condition and in the presence of 

75 and 150 mg/ml Ficoll 70 were unchanged. In all of these cases, roughly 30 % 

of the expected amplitude was missing in the dead-time of the instrument. 

However, in the case of dextran 70, I found that about 75 % of the expected 

amplitude was missing in the dead-time of the instrument. This suggests that the 

shape of the crowding agent (Ficoll 70 is roughly spherical while dextran 70 is 

more rod-like) may have an effect on the folding mechanism of the protein. 
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Figure 5.2 - Typical kinetic traces for apoflavodoxin unfolded baseline 
(black trace) and refolding (blue trace) showing missing amplitude (red 
arrow). 
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In order to gain more structural insight into the effects of crowding agents (and 

crowding agent geometry) on the folding mechanism of apoflavodoxin, we again 

collaborated with Dr. Margaret Cheung's group. Using coarse-grained models, 

Dr. Cheung and Dr. Dirar Homouz were able to simulate apoflavodoxin (with D. 

vulgaris apoflavodoxin; pdb:2fx2), Ficoll 70, and dextran 70 (as a dumb-bell 

shaped molecule). Using information from our previous collaboration, Drs. 

Cheung and Homouz chose to follow the evolution of native-like contacts for 

three structural elements of apoflavodoxin (p-strand 1, p-strand 3, and a-helix 1) 

along the reaction coordinate for the entire polypeptide. They found that the 

secondary structural elements of apoflavodoxin fold heterogeneously along a 

pathway with considerable topological frustration (especially in the early stages 

of folding; near the transition-state). In particular, native-like contacts in a-helix 1 

form very early along the reaction coordinate. However, the individual strands in 

the central p-sheet compete for native contacts (Fig. 5.3). 

In the buffer (§c = 0 %) condition, native-like contacts in both p-strand 1 and p-

strand 3 begin to form near the transition-state. However, in order for the entire 

polypeptide to continue along the reaction coordinate, p-strand 1 is forced to 

unfold while p-strand 3 continues to gain more structure. In the case of Ficoll 70 

(at <|>c = 40 % with spherical crowders in silico), the folding pathway is very similar 

with only a slight change. In particular, p-strand 1 forms more native-like 

contacts near the transition state before unfolding and allowing p-strand 3 to gain 

structure. In the case of dextran 70 (at <|>c = 40 % with dumb-bell shaped 
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Figure 5.3 - Folding pathways of secondary structural elements of 
apoflavodoxin in buffer (A), 40 % spherical (Ficoll 70) crowding 
agents (B), and 40 % dumb-bell shaped (dextran 70) crowding agents 
(C) determined in silico where <Qi> is the probability of forming 
native contacts in the secondary structural region of interest along Q 
(fraction of global native contacts). Folding of apoflavodoxin in bulk 
and 40 % Ficoll 70 appear similar with only slightly more early 
formation of P-l in the case of Ficoll 70 (at Q ~ 0.4). Apoflavodoxin 
in 40 % dextran 70 appears to have more native-like contacts in 
unfolded state (Q starts at ~ 0.2) and folding in the P-sheet is relatively 
homogeneous for P-l and P-3. Figure adapted from Homouz et al. 
(2009). 
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crowders in silico), the folding pathway is markedly different. In particular, (3-

strands 1 and 3 form native-like contacts homogenously along the folding 

pathway instead of competing. Simulations also suggest that the unfolded state 

ensemble for apoflavodoxin in the presence of dextran 70 may start out with 

slightly more native-like contacts than the protein in buffer alone or in the 

presence of spherical crowding agents. This residual structure in the unfolded 

state could act as a scaffold from which to drive homogeneous folding. 

Residue specific analysis of apoflavodoxin folding mechanism 

Our previous work studying the apoflavodoxin folding mechanism along with 

information from other groups on the folding mechanisms of proteins adopting 

the flavodoxin-like fold (Bollen et al., 2004; Bueno et al., 2006; Hills and Brooks, 

2008a; Hills and Brooks, 2008b; Kathuria et al., 2008; Melo et al., 2003) suggest 

that the a/p topology favors the formation of a misfolded, off-pathway species. 

The apparent ubiquitous nature of the folding mechanism of flavodoxin-like 

proteins leads to the suggestion that native-state topology may be the dominant 

factor in driving folding pathways. In order to gain more detailed information on 

the folding pathway of apoflavodoxin, I constructed a set of mutations (mostly 

hydrophobic-to-alanine) spanning the secondary structural elements of the 

protein in hopes of performing 0-value analysis. 

The mutations chosen for this study are Leu5Ala and Val7Ala (p-strand 1), 

Ala19Gly (a-helix 1), Val33Ala and Leu36Ala (p-strand 2), Val53Ala and 

Phe55Ala (p-strand 3), Leu74Ala (a-helix 2), Val88Ala (p-strand 4), Glu109Ala 
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(a-helix 3), lle120Ala (p-strand 5), Leu124Ala (p-strand 5 / loop), and Val137Ala 

(a-helix 4) (Fig. 5.4). All chosen mutants are classical hydrophobic to 

hydrophobic mutations (with the exception of E109A), which are assumed to be 

"cavity forming" mutations that will not alter the energetics of the unfolded states 

of the variants relative to the wild-type protein. A number of other mutants were 

proposed for the study, however, the repeated presence of degradation 

fragments upon purification or non-native CD spectra made some mutants 

undesirable (Phe91Ala, Ne119Ala, and Ala141Gly). The native-like fold of all 

mutants was verified qualitatively by their ability to bind FMN and quantitatively 

by their native-like CD spectra (Fig. 5.5). Buffer conditions for the study of the 

mutants were chosen at 100 mM KPi, pH 7 after a number of the mutants lacked 

pre-transitional baselines in chemical equilibrium experiments in 20 mM KPi, pH 

7. 

In concert with my in vitro approach, Dr. Margaret Cheung (along with Dr. 

Dirar Homouz and Antonios Samiotakis) simulated each of the proposed 

mutants. Recently, Dr. Megan Guelker and Dr. Yousif Shamoo solved the 

structure of Desulfovibrio desulfuricans flavodoxin (pdb:3f6r) (Guelker et al., 

2009) which folds to a very similar structure as D. vulgaris flavodoxin (pdb:2fx2) 

(Fig. 5.6). Although the crystal structure was solved with FMN coordinated, 

previous work has shown that the global fold of apoflavodoxin is conserved with 

the exception of more dynamics in the FMN-binding loops 
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Figure 5.5 ~ CD spectra of wild-type and mutant apoflavodoxins (20 
uM protein, 100 mM KPi, pH 7, 20 °C). 
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Figure 5.6 - Crystal structure of D. desulfuricans flavodoxin solved by 
Drs. Megan Guelker and Yousif Shamoo (pdb:3f6r) (blue) and D. 
vulgaris flavodoxin (pdb:2fx2) (yellow). FMN cofactor shown in 
sticks (PyMol). 
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(Genzor et al., 1996; Steensma and van Mierlo, 1998). Previously, collaborative 

work done by Dr. Margaret Cheung's lab used D. vulgaris flavodoxin in their 

simulations. The structure provided by Dr. Guelker and Dr. Shamoo has made it 

possible to simulate the same species of flavodoxin used in my in vitro work. 

Equilibrium studies of apoflavodoxin variants 

As expected, each of the tested point mutants displayed lower thermal (Fig. 

5.7) and chemical (Fig. 5.8) equilibrium stability relative to wild-type 

apoflavodoxin (Table 5.2), although the two-state nature of equilibrium unfolding 

appeared to be conserved across wild-type and all variants (as verified by 

overlapping CD and fluorescence data). At the tested buffer condition (100 mM 

KPi, pH 7), wild-type apoflavodoxin unfolded with a thermal midpoint of 67.8 °C 

(approximately 20 °C higher than in 10 mM HEPES, pH 7). The free energy of 

unfolding of wild-type apoflavodoxin was calculated to be 26.4 kJ/mol (compared 

to 4.4 kJ/mol in 10 mM HEPES, pH 7). These data were expected as 

apoflavodoxin stability is greatly modulated by ionic conditions (Sedlak et al., 

2008a; Sedlak et al., 2008b). The two-state nature of thermal and chemical 

equilibrium unfolding of apoflavodoxin is further strengthened by the correlation 

of Tm values (calculated from thermal denaturation) and AGu(H20) values 

(calculated from urea equilibrium unfolding) (Fig. 5.9). 

In addition to lower AGuCHfeO) values for some mutants calculated by urea 

equilibrium unfolding, it is also apparent that some mutants have lower m-values 

(broader slopes in transition regions). It is presumed that changes in m-values 
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Figure 5.7 - Thermal denaturation of wild-type and mutant 
apoflavodoxins monitored by CD signal at 222 nm (100 mM KPi, pH 
7). 

2 3 4 5 

[Urea] (M) 

Figure 5.8 - Urea denaturation of wild-type and mutant apoflavodoxins 
monitored by CD signal at 222 nm (100 mM KPi, pH 7, 20 °C). 

113 



Variant 

wt 

L5A 

V7A 

A19G 

V33A 

L36A 

V53A 

F55A 

L74A 

V88A 

El 09 A 

I120A 

LI 24 A 

V137A 

2° 
Structure 

-

PI 
PI 
ctl 

(32 

P2 
P3 
P3 
oc2 

(34 

a3 

(35 

P5 
a4 

Tm(°C) 

67.8 ±0.1 

62.7 ±0.1 

59.6 ±0.1 

60.9 ± 0.2 

61.7 ±0.1 

60.3 ±0.1 

55.7 ±0.2 

52.2 ±0.1 

56.4 ±0.1 

54.4 ±0.1 

66.7 ± 0.2 

49.1 ±0.1 

57.2 ±0.1 

49.3 ± 0.2 

AGu(H20) 
(kJ/mol) 
26.4 ± 1 

15.8 ±0.7 

17.3 ±0.6 

15.2± 1.1 

15.2 ±0.9 

16.7 ±0.9 

13.7 ± 1.5 

8.0 ±0.8 

6.4 ±1.0 

13.3 ±0.9 

14.7 ± 1.7 

5.9 ±0.9 

8.1 ± 1.0 

6.5 ±1.1 

m-value 
(kJ/mol,M) 
6.2 ± 0.2 

6.5 ± 0.3 

7.3 ± 0.2 

5.0 ±0.3 

5.3 ± 0.3 

5.7 ±0.3 

5.4 ± 0.5 

3.6 ±0.3 

3.1 ±0.3 

4.5 ± 0.3 

4.7 ±0.6 

2.3 ±0.3 

2.8 ±0.3 

2.4 ± 0.6 

[urea]1/2 

(M) 
4.2 

2.4 

2.4 

3.1 

2.9 

2.9 

2.5 

2.3 

2.1 

3.0 

3.1 

2.6 

2.9 

2.7 

Tf(K) 

378.5 

375.4 

376 

373 

375.5 

376 

373 

373 

373.5 

372 

378.7 

377 

376.3 

373 

Table 5.2 - Equilibrium values for wild-type and mutant 
apoflavodoxins calculated from experiments monitoring CD (100 mM 
KPi, pH 7). Tf values calculated in silico by Cheung group. All errors 
reported are errors in fit. 

40 45 50 55 60 65 70 75 80 

Tm (°C) 

Figure 5.9 - Correlation between free energies of unfolding for wild-
type and mutant apoflavodoxins (calculated by urea equilibrium 
unfolding monitored by CD signal at 222 nm, 20 °C) and thermal 
midpoints (monitoring CD signal at 222 nm, 100 mM KPi, pH 7). 
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for point mutants could mean that there is a change in the amount of exposed 

surface area between the native and unfolded states (AASA) of these mutants 

relative to the AASA of wild-type apoflavodoxin. It is difficult to say whether or 

not this is the case for the studied point mutants with very low m-values (L74A, 

I120A, L124A, and V137A), because each of these mutants have a native-like 

CD spectrum, and the conservative nature of the point mutations is not expected 

to alter unfolded state energetics. One explanation could be that the apparent 

two-state nature of the equilibrium unfolding is not conserved for these mutants 

(although CD and fluorescence data agree). 

In vitro folding analysis of wild-type and mutant apoflavodoxins 

In addition to equilibrium experiments, I subjected both wild-type and mutant 

apoflavodoxins to stopped-flow mixing experiments monitoring CD signal at 222 

nm. Previous work done on this species of apoflavodoxin included fluorescence 

monitored stopped-flow kinetics (Apiyo and Wittung-Stafshede, 2002; 

Muralidhara et al., 2006). However, the intrinsic fluorophore of apoflavodoxin 

(Trp60) is situated in a relatively solvent-exposed, loop region of the protein even 

in the native state, so CD is a better measure of global folding and unfolding 

events. As seen before by other investigators as well as in my kinetic studies of 

apoflavodoxin in 10 mM HEPES, pH 7, I noted a sizeable amount of missing 

amplitude in the folding phase of apoflavodoxin in 100 mM KPi, pH 7 (see Fig. 

5.2). After the initial burst phase with missing amplitude in the dead-time of the 

instrument (approximately a few milliseconds), wild-type and mutant 
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apoflavodoxins all folded productively with kinetic traces best described by single 

exponentials. 

Semilogarithmic Chevron plots of wild-type and mutant apoflavodoxins were 

fit to extrapolate folding and unfolding arms back to the zero denaturant 

condition. All mutant apoflavodoxins (with the exception of E109A) fold slower 

than wild-type, and all mutant apoflavodoxins unfold faster than wild-type (Fig. 

5.10) (Table 5.3). Our assessment of a non-two-state kinetic folding mechanism 

for apoflavodoxin is evident from the comparison of free energies calculated for 

wild-type and mutant apoflavodoxins from kinetic experiments (AGu(H20)kin) 

versus free energies calculated from equilibrium experiments (AGu(H20)eq) (Fig. 

5.11). A linear correlation between the two sets of data for a true, two-state 

mechanism (both equilibrium and kinetic) would be expected to pass through the 

origin. Free energies were calculated for kinetic data as: 

AGu(H20)kin = -RTIn(/cf
H2° / ku

H2°) (Eq. 5.1) 

where R is the gas constant, T is temperature, /cf
H2° and ku

H2° are the folding and 

unfolding rates, respectively, extrapolated to zero denaturant from the Chevron 

plots. 

The complicated nature of the folding mechanism makes the calculation of 

Of values difficult. Folding rates calculated from raw data likely include 

contributions from the equilibrium between the unfolded state and the off-

pathway intermediate. However, the kinetic experiments on wild-type and mutant 

116 



3 4 5 

[Urea] (M) 

Figure 5.10 - Chevron plots of kinetic folding/unfolding of wild-type 
and mutant apoflavodoxins (100 mM KPi, pH 7, 20 °C). Folding rates 
calculated from single exponential step occurring after burst phase. 
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Variant 

wt 

L5A 

V7A 

A19G 

V33A 

L36A 

V53A 

F55A 

L74A 

V88A 

El 09 A 

1120 A 

LI 24 A 

V137A 

2° 
Structure 

-

01 
(31 

a l 

p2 

p2 

P3 

P3 

a2 

P4 
a3 

P5 
P5 
a4 

Burst 
amplitude 

(%) 
41.9 

40.1 

36.8 

61.7 

54.2 

41.8 

46.0 

52.5 

41.2 

65.4 

41.1 

29.4 

65.0 

36.1 

kf(obs) (S ) 

33.7 ±3.8 

24.8 ±1.2 

10.5 ±0.9 

16.4 ±1.0 

8.1 ±0.9 

10.9 ±1.1 

8.6 ±0.6 

2.7 ±0.1 

8.3 ±0.5 

5.1 ±0.4 

45.9 ±2.9 

9.4 ± 0.5 

6.6 ± 0.7 

4.2 ± 0.2 

Ms"1) 

0.0030 ±0.001 

0.0343 ± 0.004 

0.0060 ±0.001 

0.0080 ±0.001 

0.0043 ±0.001 

0.0056 ± 0.002 

0.0055 ± 0.001 

0.0275 ± 0.003 

0.1757 ±0.02 

0.0052 ±0.001 

0.0549 ± 0.01 

0.0595 ± 0.01 

0.1029 ±0.03 

0.0266 ± 0.003 

AGUikin(H20) 
(kJ/mol) 

22.7 

16.0 

18.2 

18.6 

18.4 

18.5 

17.9 

11.2 

9.4 

16.8 

16.4 

12.3 

10.2 

12.3 

4>f 

-
0.44 

0.82 

0.79 

0.92 

0.85 

0.88 

0.71 

0.50 

0.90 

0.39 

0.65 

0.53 

0.73 

|npi - np4| 

1.88 

0.59 

2.44 

3.96 

3.67 

1.57 

3.99 

4.01 

5.36 

7.86 

3.44 

1.89 

6.34 

2.45 

Table 5.3 - Kinetic values for wild-type and mutant apoflavodoxins 
calculated from stopped-flow mixing experiments (100 mM KPi , pH 
7, 20 °C). 0-values calculated using unfolded rates as described in 
text. All errors reported are errors in fit. npi-np4 calculated as an 
absolute value from in silico work. 
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apoflavodoxins were accompanied by a significantly lower amount of missing 

amplitude in the unfolding phase in comparison to refolding. This suggests that 

while the folding mechanism of apoflavodoxin may be complex with an off-

pathway intermediate (and presumably and equilibrium between l0ff and U), it is 

possible that the unfolding of the apoflavodoxins are two-state with the 

accumulation of only native and unfolded proteins. If this is the case, it is 

possible to calculate Ou values using unfolding rates as: 

Ou = [-RTIn(fru,wtH2° I /cu,mut
H2°) / AAGwt^muJ (Eq. 5.2) 

where AAGwt̂ mut is the difference in free energies calculated for wild-type and 

each mutant apoflavodoxin using equilibrium data (as these are apparent two-

state processes). Then using the simple relationship of Of + Ou = 1, we can 

approximate Of values. This approach has been employed previously for 

another species of apoflavodoxin (Bueno et al., 2006). O-values calculated in 

this manner provide information about the productive transition state between 

unfolded and folded states of proteins. 

Using this approach, I calculated Of values for each of the studied 

mutants. All of the calculated Of values fell between approximately 0.4 and 0.9 

suggesting fractional amounts of native-like contacts dispersed throughout the 

folding transition state of the protein (Table 5.3). The folding transition state of 

apoflavodoxin is thus most well described by a "diffuse" transition state. The only 

other study to date employing O-value analysis on an apoflavodoxin (Anabaena 

apoflavodoxin) came to a similar conclusion of a diffuse transition state (Bueno et 
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al., 2006). The highest Of values calculated in our study were for V7A (p-strand 

1), V33 ((3-strand 2), L36A (p-strand 2), V53A (p-strand 3), and V88A (p-strand 

4). This suggests that while there are at least fractional amounts of native-like 

interactions formed throughout the folding transition state of apoflavodoxin, the 

region consisting of the most native-like interactions is the central p-sheet (Fig. 

5.12). 

Interestingly, although all mutant apoflavodoxins fold via a burst-phase 

intermediate followed by a single exponential productive folding event, for a 

number of point mutants the amount of missing amplitude in the folding phase 

increased relative to wild-type apoflavodoxin. Although it is difficult to say 

whether this means these mutants (A19G, V33A, F55A, V88A, and L124A) have 

an increased amount of secondary structure in the burst-phase intermediate or 

the intermediate is similar in structure but populates to a greater degree, it is 

reasonable to suggest that the folding mechanism of these mutants could be 

altered. In order to gain residue-specific information about the folding 

mechanism of wild-type apoflavodoxin and each mutant, Dr. Cheung's group 

simulated all of the apoflavodoxins used in our in vitro studies. 

Discussion 

In silico data correlates with in vitro results 

Using the newly solved structure of D. desulfuricans flavodoxin from the 

Shamoo lab (pdb:3f6r), Dr. Cheung's group simulated wild-type and each mutant 
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Figure 5.12 - Depiction of apoflavodoxin with sampled residues color-
coded based on calculated Of values (in decreasing order: purple, red, 
orange, yellow showing the primary role of the central, (3-sheet in 
forming the folding transition state (PyMol). Refer to Table 5.3 for 
exact values. 
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apoflavodoxin using Ca-SCM and Go-like interactions as before. As a proof-of-

principle experiment, the folding temperature (Tf) of each mutant was determined 

in silico (Table 5.2). The simulated Tf values agree well enough qualitatively with 

experimentally determined Tm values to suggest that Go-like modeling would be 

sufficient to gather reliable folding information for the apoflavodoxin variants. 

Similarly to our previous studies on the effects of macromolecular crowding 

on the folding pathway of apoflavodoxin, Dr. Cheung's group followed the 

evolution of specific secondary structural elements (signified by <Qi> ; fraction of 

native-like contacts made by the region of interest) of apoflavodoxin along the 

reaction coordinate of folding for the entire polypeptide (signified by Q ; fraction 

of total native-like contacts formed with 1 being exactly like the crystal structure). 

If the folding process of the protein is homogeneous, the fractions of native 

contacts in each region of interest (<Q/>) will increase linearly with the gain of 

native-like contacts in the global fold (Q) roughly resembling a unity line. 

Conversely, deviations from homogeneous folding behavior can suggest 

topological frustration along the folding pathway. Previous simulations performed 

by Dr. Cheung (using the crystal structure of D. vulgaris flavodoxin) and O-values 

calculated from our in vitro data (the highest O-values are located in the (3-sheet) 

on apoflavodoxin mutants suggested that the central p-sheet is key for global 

folding. As a result, Dr. Cheung's group focused on the evolution of native-like 

contacts formed in the central p-sheet (interactions between p-1 and p-2, p-1 and 

P-3, p-3 and p-4, and p-4 and p-5) for wild-type apoflavodoxin and all mutants. 
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Interestingly, what followed was the discovery that three types of folding 

routes were employed by wild-type and mutant apoflavodoxins (Fig. 5.13). The 

first of the folding routes of interest is the folding route employed by wild-type 

apoflavodoxin. Similar to the folding route determined for D. vulgaris 

apoflavodoxin in silico (Homouz et al., 2009), it is apparent that early contact 

formation in the p-sheet (especially by p-strands 1 and 2) causes topological 

frustration that necessitates the unfolding of those areas in favor of native-like 

contacts in p-strand 3 to form before a global folding event. This new data allows 

us to see that especially native-like contacts between p-strands 3 and 4 drive 

proper folding. Along with wild-type apoflavodoxin, other studied mutants (L5A, 

V7A, L36A, V53A, L74A, E109A, I120A, and V137A) undergo similar folding 

events. In addition, the similar folding pathway for D. desulfuricans (simulated 

using pdb:3f6r) and D. vulgaris (simulated previously using pdb:2fx2) 

apoflavodoxins is an excellent proof of principle for earlier simulations relating D. 

vulgaris apoflavodoxin data in silico to D. desulfuricans data in vitro (Homouz et 

al., 2009; Stagg et al., 2007). 

The second folding route employed by an apoflavodoxin variant is that of 

V33A (p-strand 2) apoflavodoxin. In this unique folding route, early contact 

formation between p-strands 3 and 4 is evident without the early topological 

frustration seen in p-strand 1 for wild-type apoflavodoxin. Interestingly, the other 
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Figure 5.13 - Three unique folding mechanisms for wild-type and 
mutant apoflavodoxins represented by wild-type (top panel), V33A 
(middle panel), and V88A (bottom panel). Individual colors represent 
formation of native-like contacts between specified (3-strands. 
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P-strands seem relatively unformed throughout the transition state region 

(approximately Q = 0.4). The other native-like contacts in the central (3-sheet 

proceed rather homogeneously toward global folding. We believe the V33A 

mutation causes a loss in p-1 and p-2 contacts which drives folding through p-3 

contacts. 

The third unique folding route is that employed by V88A apoflavodoxin (also 

A19G, F55A, and L124A). Similarly to the other two folding routes, native-like 

contacts form relatively early in p-strands 3 and 4. However, in this folding route, 

native-like contacts also form between strands 1 and 2 and between strands 1 

and 3 simultaneously with contacts between strands 3 and 4. Only native-like 

contacts between p-strands 4 and 5 lag behind to be formed last. 

The similarities in the evolution of native-like contacts formed in the 

secondary structural elements of D. vulgaris apoflavodoxin (Fig. 5.3) (Homouz et 

al., 2009) and wild-type D. desulfuricans apoflavodoxin (Fig. 5.13) (46 % 

sequence identity) suggest it may be possible to propose a model for the gain of 

structure over productive folding for proteins adopting the flavodoxin-like fold. 

However, the significant differences in the interplay of the individual p-strands in 

D. desulfuricans apoflavodoxin as a result of single, conservative point mutations 

(Fig. 5.13) suggests that even minor changes to the primary sequence can 

significantly alter the folding pathway. Therefore, attempts to suggest a folding 
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mechanism for a flavodoxin-like protein based entirely off of its structural 

similarity to D. desulfuricans or D. vulgaris apoflavodoxin may be unreasonable. 

Competing nuclei in central p-sheet drive apoflavodoxin folding 

The elucidation of the folding pathways of wild-type and mutant 

apoflavodoxins suggests that the driving force behind productive folding lies in 

the interplay between the p-strands making up apoflavodoxin's central, parallel 13-

sheet. While some of the mutants display wild-type-like folding pathways, other 

mutants (especially V33A and V88A) fold through different mechanisms involving 

slightly different interactions forming in the p-sheet. Taking together in vitro and 

in silico data, we began to think about the possibility that there are similar 

reasons for differences in the amount of missing amplitude in refolding kinetics 

and divergent folding pathways in silico. 

The unique folding pathways observed for wild-type and some apoflavodoxin 

mutants resulting from characteristic sequences of native-like contact evolution in 

the central p-sheet led us to evaluate the possibility of competing folding nuclei in 

the sheet (which we also found for D. vulgaris apoflavodoxin; (Homouz et al., 

2009)). Whereas in vitro data lacks the resolution to get at such information, 

simulations do allow for the calculation of native-like contacts in specific regions 

of apoflavodoxin at any point in the folding reaction coordinate. In our case, Dr. 

Cheung's group assessed the native-like contacts formed by apoflavodoxin at Q 

= 0.3 - 0.5, a point near the folding-transition state (roughly correlating to 

occurrences in the dead-time of in vitro sampling). What followed was the 
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elucidation of two major folding nuclei in the central (3-sheet of apoflavodoxin. 

The two folding nuclei are centered around residue 6 (lie) of p-strand 1 and 

residue 90 (Ala) of p-strand 4 (Fig. 5.14). Ile6 and Ala90 were chosen as they 

were the residues near the center of the two folding nuclei that had fulfilled the 

most native-like contacts. 

By calculating the number of native-like contacts formed in each folding 

nucleus (nPi and np4) at specific points (relative to Q) in the folding reaction 

coordinates of wild-type and mutant apoflavodoxins, it was possible to gain 

insight into the competition of the folding nuclei in each unique folding pathway. 

Interestingly, we found that | nPi - np4| (the difference between the number of 

native-like contacts formed between the two folding nuclei) values calculated for 

wild-type and mutant apoflavodoxins correlated with the amount of missing 

amplitude detected in refolding by in vitro stopped-flow mixing experiments (Fig. 

5.15). For mutants like V33A and V88A where unique folding pathways were 

observed (presumably a result of the loss of essential interactions made by the 

native side-chains), | nPi - np4| values are relatively high suggesting that one 

folding nucleus dominates over the other. These mutants have larger amounts of 

missing amplitude in folding experiments. For the wild-type folding pathway, 

where individual p-strand interactions form rather heterogeneously over the 

global evolution of Q, the two folding nuclei gain native-like contacts at relatively 

similar rates. These proteins (wild-type and some variants) have lower amounts 
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Figure 5.14 - Cartoon depiction of the two proposed folding nuclei 
(grey spheres) of apoflavodoxin. The centers of the two folding nuclei 
(Ile6 and Ala90) are shown as black squares, residues with lesser 
amounts of missing amplitudes (< 50 %) are shown as white circles, 
and residues with greater amounts of missing amplitudes (> 50 %) are 
shown as red circles. Refer to Table 5.3 for exact values. 
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Figure 5.15 - Correlation between % missing amplitude calculated for 
wild-type and mutant apoflavodoxins (stopped-flow mixing 
experiments) and disparity in the size of the two competing folding 
nuclei (npi-np4; calculated as an absolute value from in silico work). 
Refer to Table 5.3 for exact values. 
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of missing amplitudes in folding experiments. This suggests that favoring one 

nucleation site over the other (regardless of which site) promotes early misfolding 

and thus there is an increase in the amount of missing amplitude in stopped-flow 

mixing experiments. 

Summary 

Kinetic experiments using wild-type apoflavodoxin in the presence and 

absence of spherical Ficoll 70 and rod-like dextran 70 demonstrate that 

macromolecular crowding increases the folding rate of the protein at the studied 

concentration of crowding agent (150 mg/ml) by nearly 3-fold which is in 

agreement with theory and experimental work (Cheung et al., 2005; van den 

Berg et al., 2000). The presence of a burst-phase intermediate (assumed off-

pathway) in the folding mechanism of apoflavodoxin which corresponded roughly 

to the dead-time of the stopped-flow mixer (about a few milliseconds) allowed us 

to indirectly probe the population of the intermediate species in the presence and 

absence of crowding agents. What we found was that the percentage of missing 

amplitude in the folding phase of apoflavodoxin was unchanged in buffer alone 

and in the presence of Ficoll 70 (about 30 %). However, for apoflavodoxin 

folding in the presence of dextran 70, this percentage jumped to approximately 

75 %. 

In silico work performed by the Cheung group using D. vulgaris flavodoxin as 

a model of D. desulfuricans apoflavodoxin corroborated our in vitro work. By 

simulating the formation of native-like contacts in three secondary structural 
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regions (a-1, p-1, and p-3) over the evolution of global folding, it was found that 

apoflavodoxin folds via a heterogeneous pathway with ample topological 

frustration. This heterogeneous folding pathway with topological frustration 

agrees with work suggesting that members of the flavodoxin-like fold family fold 

through multiple pathways and often populate misfolded structures that must 

unfold before productive folding (Bollen and van Mierlo, 2005). In the cases of 

apoflavodoxin in buffer and in volume occupied by spherical crowding agents 

(simulating Ficoll 70), the folding pathway of apoflavodoxin was only slightly 

changed with more native contacts formed in p-1 near Q = 0.4 before unfolding in 

favor of native-like contacts in p-3. This small change is likely due to compaction 

of the unfolded state into a more prolate conformation favoring local interactions 

in p i . However, in the presence of dumb-bell shaped crowding agents 

(simulating dextran 70), the folding pathway underwent large changes. First, the 

unfolded ensemble appeared to have more native-like structure. In addition, the 

topological frustration seen in the early stages of apoflavodoxin in buffer and with 

spherical crowding agents effectively disappeared as p-1 and p-3 formed 

relatively homogeneously over the global evolution of Q. The agreement of in 

vitro and in silico work suggests that at least in the case of apoflavodoxin, the 

geometry of crowding agent strongly modulates the folding pathway of the 

protein. These findings agree with the theoretical hypothesis of Minton who 

posed that the geometrical shapes of crowding agents may modulate their effects 

on protein stability (Minton, 1981). 
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In order to gain residue specific information on the folding mechanism of 

apoflavodoxin, I constructed a set of 13 point mutants (L5A, V7A, A19G, V33A, 

L36A, V53A, F55A, L74A, V88A, E109A, I120A, L124A, and V137A) spanning 

the secondary structural elements of the protein. All the studied mutants 

displayed a characteristic wild-type-like native CD spectrum and had lower 

equilibrium stabilities measured by thermal and chemical equilibrium. The 

studied equilibrium transitions are apparent two-state reactions as reported 

previously (Apiyo and Wittung-Stafshede, 2002; Perham et al., 2007; Sedlak et 

al., 2008b; Stagg et al., 2007), although it should be noted that native-like 

intermediates have been suggested to populate (Muralidhara and Wittung-

Stafshede, 2004; Muralidhara and Wittung-Stafshede, 2005). Therefore it is 

possible that some of the mutants with particularly low equilibrium m-values 

(L74A, I120A, L124A, and V137A) could unfold via a more complex mechanism 

at the studied conditions although CD and fluorescence data are in agreement. 

Time-resolved folding experiments on wild-type and mutant apoflavodoxins all 

resulted in the appearance of a significant amount of missing amplitude 

suggesting a burst-phase intermediate. A number of the studied variants had 

higher than expected burst-phase amplitudes relative to wild-type (calculated by 

% missing amplitude in the folding phase). An off-pathway intermediate has 

been proposed previously for proteins with the flavodoxin-like fold (multiple 

apoflavodoxins, CheY, and SpoOF) (Apiyo and Wittung-Stafshede, 2002; Bollen 

et al., 2004; Bueno et al., 2006; Hills and Brooks, 2008a; Hills and Brooks, 
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2008b; Homouz et al., 2009; Kathuria et al., 2008; Melo et al., 2003; Muralidhara 

et al., 2006). Taken together with the fact that TIM barrel proteins (another p/a 

repeat superfamily) also have been found to fold via a mechanism with an off-

pathway intermediate (Forsyth et al., 2007; Gu et al., 2007; Wu et al., 2007), this 

strongly suggests that the native-state topology of the a/p parallel motif is prone 

to early misfolding. I note that our in vitro data does not verify that the burst-

phase intermediate is off-pathway. However, the off-pathway nature of the 

intermediate previously has been argued for D. desulfuricans apoflavodoxin 

(Apiyo and Wittung-Stafshede, 2002) as well as for other members of the 

flavodoxin-like fold. In addition, computational data both on D. vulgaris 

apoflavodoxin (Homouz et al., 2009) and the current work suggest significant 

topological frustration early in the folding landscape presumably leading to 

misfolding. 

O-values were calculated for each variant using unfolding rates and ranged 

from Of« 0.4 - 0.9 suggesting a diffuse transition state. The area of the protein 

with the highest O-values was the central, p-sheet suggesting the core of the 

protein is well-formed in the transition state. Similar work undertaken using the 

apoflavodoxin from Anabaena came to the conclusion of a diffuse transition 

state, however, it was concluded that the transition state was stabilized 

significantly by packing of three a-helices toward p-strands 3 and 4 (Bueno et al., 

2006). Stating conclusively whether or not the transition state structures of D. 

desulfuricans and Anabaena apoflavodoxins are appreciably dissimilar is 
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impossible at this point mostly due to the lack of point mutations in the a-helices 

of D. desulfuricans apoflavodoxin. In contrast to the diffuse transition states of 

the two apoflavodoxins, the transition state of CheY has been proposed to be 

polarized with native-like interactions forming in the N-terminus of the central, p-

sheet, but with the C-terminal region of the p-sheet remaining largely 

unstructured (Lopez-Hernandez and Serrano, 1996). It appears that although 

proteins adopting the flavodoxin-like fold may be prone to early misfolding events 

(off-pathway intermediates), the productive folding transition state may vary 

widely among the members of the superfamily as previously predicted (Bueno et 

al., 2006). 

Folding pathways assessed by the Cheung group in silico revealed three 

unique mechanisms employed by the apoflavodoxin variants. While the wild-type 

folding pathway agreed very closely with that determined previously by the 

Cheung group for D. vulgaris apoflavodoxin, some of the variant apoflavodoxins 

(in particular V33A and V88A) employed different folding mechanisms 

presumably dependent upon the loss of interactions due to mutation. The 

heterogeneity of the folding routes of the variant apoflavodoxins along with the 

observation of varying amounts of missing amplitudes in vitro experiments led us 

to explore the possibility of two competing folding nuclei in the central, p-sheet. 

The existence of multiple folding nuclei has been proposed for larger proteins 

often based on geometrical factors in the native state (Norcross and Yeates, 

2006) and was previously found to be the case for D. vulgaris apoflavodoxin 

133 



(Homouz et al., 2009). For D. desulfuricans apoflavodoxin, simulation data 

suggests one nucleus containing p-1, (5-2, and p-3 centered around Ile6 and 

another nucleus containing p-3, p-4, and p-5 centered around Ala 90 compete for 

native contacts along the folding reaction coordinate. Interestingly, we found that 

when strong biases occurred for native-like contacts in one folding nucleus over 

the other in the folding reactions of variant apoflavodoxins in silico, these same 

mutants displayed greater amounts of missing amplitude in the burst-phase in 

vitro. This suggests that the dominance of one of the competing folding nuclei 

over the other can lead to increased topological frustration (manifesting in more 

structure in the burst-phase intermediate). Similarly, recent in vitro and in silico 

work done on CheY revealed that native-like contacts near the interface of the 

two proposed folding nuclei impeded the formation of the proper folding transition 

state and resulted in a misfolded structure that necessitated unfolding in order for 

continuing down a productive folding pathway (Hills and Brooks, 2008b; Kathuria 

et al., 2008) although no variant CheY proteins were studied. To our knowledge, 

our work is the first time that a connection between topological frustration, 

competing folding nuclei, and in vitro measurements has been clearly made to 

assess heterogeneity in the early folding events of a protein. 

In order to investigate the correlation made between disparity in the sizes of 

the competing folding nuclei in apoflavodoxin variants (np-i and np4) and the 

appearance of greater amounts of burst-phase intermediate in time-resolved in 

vitro experiments, Dr. Cheung's group revisited their previous simulations of 
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apoflavodoxin folding in the presence of dumb-bell shaped crowding agents 

(simulating dextran 70). Previously, I found that apoflavodoxin folding in the 

presence of dextran 70 in vitro proceeded with a much greater amount of 

structure in the burst-phase intermediate (demonstrated by significantly 

increased missing amplitude in the folding kinetics). In silico results showed that 

the presence of crowding agents mimicking dextran 70 greatly altered the folding 

pathway of apoflavodoxin. Dr. Cheung's group has re-analyzed the original data 

and found that in the presence of crowding agents mimicking dextran 70, native

like contacts in folding nucleus 2 of apoflavodoxin (np4) was strongly favored over 

folding nucleus 1. This provides more evidence that in the case of 

apoflavodoxin, strong bias toward one folding nucleus or the other in early 

phases of folding leads to formation of the off-pathway intermediate (and thus 

greater missing amplitude in vitro). This also suggests that the folding 

mechanism of apoflavodoxin in vivo may be strongly modulated by 

macromolecular crowding. 
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CHAPTER 6: SUMMARY, OVERALL PERSPECTIVE. AND FUTURE 
DIRECTION 

In vitro data suggests intracellular conditions significantly modify properties of 
apoflavodoxin 

Using synthetic crowding agents (Ficoll 70 and dextran 70) and a range of 

small ions in concentrations similar to those found in the intracellular milieu, we 

have shown that the biophysical properties of apoflavodoxin can be significantly 

altered relative to in dilute buffer conditions. In short, we have shown that both 

macromolecular crowding and small ions (a) greatly increase the thermal 

midpoint of apoflavodoxin (in certain cases by greater than 25 °C), (b) increase 

the free energy of unfolding of apoflavodoxin (amount is buffer dependent in case 

of crowding), (c) increase the amount of secondary structural content in the 

folded protein, (d) increase the folding rate of the productive folding step of 

apoflavodoxin, and (e) may alter the folding mechanism of apoflavodoxin, 

specifically the accumulation of an off-pathway burst-phase intermediate. 

Effects of macromolecular crowding on apoflavodoxin properties: proposed 
mechanism, discussion of current crowding theory, and implications for the future 

The effects of macromolecular crowding and thus excluded volume on the 

structure and stability of apoflavodoxin are numerous and significant. Our in vitro 

data in conjunction with collaborative in silico work done by Dr. Margaret 

Cheung's group has added to, and in some cases changed, the way that protein 

biophysicists view the contributions of the crowded nature of the cell to protein 

properties. 
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One well-accepted, prevailing crowding theory suggests that crowding should 

increase the stability of folded proteins only indirectly through entropically 

disfavoring the unfolded state (Minton, 2005b; Zhou, 2004; Zimmerman and 

Minton, 1993). Therefore, equilibrium values assessing protein stability such as 

thermal midpoint and free energies of unfolding for proteins in crowded 

environments should increase relative to the protein in buffer. Minton theorized 

that increases in thermal midpoints for proteins under crowded conditions relative 

to in dilute solutions should be on the order of 5 to 20 °C (Minton, 2000a). 

Previous experimental studies noted moderate increases to thermal midpoints (< 

5 °C) of studied proteins as a function of increased macromolecular crowding 

(Hall and Dobson, 2006; Sasahara et al., 2003; Tellam et al., 1983). In contrast 

to these moderate increases in thermal stability, the thermal midpoint of 

apoflavodoxin increased dramatically in the presence of 400 mg/ml Ficoll 70 (~ + 

20 °C) and dextran 70 (~ + 26 °C) relative to in buffer alone (10 mM HEPES, pH 

7). Simulations suggest that the free energy of unfolding for the model WW 

domain should increase approximately 4.6 kJ/mol at (j> = 25 % (Cheung et al., 

2005). In agreement with theory, another recent experimental study shows that 

the free energy of VIsE increases by approximately 5 kJ/mol in the presence of 

100 mg/ml Ficoll 70 (Homouz et al., 2008), the free energy of FK506-binding 

protein was found to increase upon the addition of 160 mg/ml dextran (Spencer 

et al., 2005), and I also found that the free energy of unfolding of apoflavodoxin 

increased by 3 - 4 kJ/mol upon the addition of both Ficoll 70 and dextran 70 (10 

mM HEPES, pH 7, 20 °C). 
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Also in agreement with crowding theory, compaction of the unfolded (or 

disordered) states of proteins has been noted for a variety of proteins by 

numerous methods. GdmCI-unfolded RNase A has been found to spontaneously 

refold (as verified by CD, enzyme activity, and measurement of hydrodynamic 

radius) by the addition of either Ficoll 70 or PEG (Tokuriki et al., 2004). FRET 

studies on adenylate kinase suggest that partially GdmCI-unfolded protein is 

compacted in the presence of dextran (Ittah et al., 2004). NMR studies on the 

intrinsically disordered protein FlgM have shown that crowding can induce 

spontaneous folding (Dedmon et al., 2002). However, another study has shown 

that in the case of two intrinsically disordered human protein domains, 

macromolecular crowding does not induce spontaneous folding (Flaugh and 

Lumb, 2001). Studies on the unfolded state of VIsE have shown large global 

changes to the unfolded state of the protein in the presence of crowding agents 

(Homouz et al., 2008). Our in vitro results are ambiguous towards the effects of 

macromolecular crowding on the unfolded state of apoflavodoxin. In the 

presence of either Ficoll 70 or dextran 70, the thermally unfolded CD signal of 

apo- and holoflavodoxin increases, but the shape of the spectrum still appears 

unfolded. This could potentially mean that the protein is gaining local structure, 

but the protein is still globally unfolded. In contrast, the secondary structural 

content of GdmCI-unfolded apo- and holoflavodoxin does not change as 

monitored by CD in the presence of either Ficoll 70 or dextran 70. The ambiguity 

of the effects of macromolecular crowding on thermally or chemically unfolded 
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protein as well as on intrinsically disordered proteins suggests that crowding 

does not elicit compaction events resulting in proper (or improper) folding in all 

cases. 

Contrary to the theory that crowding affects only the unfolded states of 

proteins, we have found that for apoflavodoxin, holoflavodoxin, and VIsE 

(Perham et al., 2007), the secondary structural content of the folded states of the 

proteins increase in the presence of macromolecular crowding. Other 

unpublished studies in our lab have shown similar results for Pseudomonas 

aeruginosa azurin and horse heart myoglobin. In the cases of apo- and 

holoflavodoxin, structural prediction algorithms have suggested that crowding 

increases the amount of a-helical content of the folded proteins while reducing 

the amount of random coil regions. Predicted secondary structural content of 

apo- and holoflavodoxin in 400 mg/ml Ficoll 70 closely resembles that of the 

crystal structure. In silico work done by the Cheung group shows that the folded 

state ensemble of apoflavodoxin gains native-like contacts between a-helices 

and the central (3-sheet, and the protein becomes more compact (in terms of Rg) 

as a function of increased crowding. Our work suggests that macromolecular 

crowding affects both the unfolded and native states of proteins. Although not 

widely accepted, other theory suggests that in the case of large macromolecular 

crowders, the folded state may directly be stabilized (Hu et al., 2007). 
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The entropically disfavored unfolded state of proteins in the presence of 

macromolecular crowding is suggested by theory to result in increases in protein 

folding rates (Cheung et al., 2005). As expected, experimentalists have shown 

increases in protein folding rates in the presence of macromolecular crowding in 

the cases of hen lysozyme (van den Berg et al., 2000) monitored by enzyme 

activity, apocytochrome bs62 (Ai et al., 2006) as monitored by NMR spin-

relaxation, and VIsE (Homouz et al., 2008) as monitored by stopped-flow mixing. 

In agreement with these data, I have shown that apoflavodoxin folding rates 

increase 2 - 3 fold in the presence of 150 mg/ml Ficoll 70 or dextran 70 as 

monitored by stopped-flow mixing (10 mM HEPES, pH 7, 20 °C). In addition to 

increases in folding rates, we also found that the presence of dextran 70 (much 

more so than Ficoll 70) significantly altered the folding mechanism of 

apoflavodoxin. Minton has postulated that crowding agent geometry may in fact 

affect the degree of protein stability (Minton, 1981), and our data appears to 

agree. Both in vitro stopped-flow mixing experiments showing an increase in the 

structure of the off-pathway burst-phase intermediate and in silico work showing 

a change in the heterogeneity of apoflavodoxin folding as a result of the 

presence of dumb-bell shaped crowding agents demonstrate that crowding agent 

geometry affects the folding mechanism of apoflavodoxin. 

Taken together, our data (both in vitro and in silico) assessing the effects of 

macromolecular crowding on apoflavodoxin structure, stability, and folding 

mechanism suggests that excluded volume due to macromolecular crowding 
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affects both folded and unfolded protein ensembles. In addition, we have shown 

that crowding agent geometry can affect local structure in the unfolded state (in 

silico results on apoflavodoxin and spherical crowding agents) as well as 

modulating the heterogeneity of the folding pathway and the appearance of 

folding intermediates (dumb-bell shaped crowding agents, dextran 70). Our data 

in conjunction with other theoretical and experimental efforts focusing on the 

effects of crowding on protein structure, stability, folding rates, diffusion, and 

activity strongly suggest that typical in vitro experiments may fall short of 

characterizing proteins relative to their in vivo environments. 

Effects of Hofmeister ions on apoflavodoxin (and cytochrome c) stability: 
proposed mechanisms for ion-induced protein stability 

The Hofmeister series of ions, although formed in 1888 to explain the effects 

of various salts on protein solubility (Hofmeister, 1888), has been found to hold 

true for the effects of ions on protein stability, especially in the cases of anions 

(Baldwin, 1996; Goto and Aimoto, 1991; Goto et al., 1990; Ramos and Baldwin, 

2002). As anions have been found to more strongly affect protein properties 

than cations, less is known about the Hofmeister effects of cations on proteins 

(Pace and Grimsley, 1988; Richard et al., 2006). Although the most prevalent 

theory for the ordering of Hofmeister ions suggests that the ions indirectly affect 

proteins through affecting the hydrogen-bonding network of bulk water (Baldwin, 

1996), recent studies using multiple techniques suggest that ionic effects on 

water structure extend only as far as the first hydration shell of the ion (Batchelor 

et al., 2004; Naslund et al., 2005; Omta et al., 2003). 
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Our work using D. desulfuricans apoflavodoxin as a model protein for studying 

small (chloride) cations showed that at least in the case of this acidic protein, 

even relatively low amounts (< 250 mM) of cations can elicit significant increases 

in protein stability (Tm increases more than 20 °C and AGu(H20) increases 5-

fold). Prior work on another apoflavodoxin (from Anabaena) also reported cation-

induced increases in protein stability (albeit much more modest than for D. 

desulfuricans apoflavodoxin) and suggested ionic screening of repulsive surface 

charges as being the primary origin of increased protein stability (Maldonado et 

al., 2002). Neutralization of negative surface charges has been proposed to be 

the major mechanism for the stabilization of proteins from halophilic organisms 

(Elcock and McCammon, 1998), and so it stands to reason that neutralization of 

surface charges is likely a major contributor to the increase in stability seen in 

Desulfovibrio desulfuricans apoflavodoxin as the host organism has been found 

living in environments of at or above 4 M salt (Kerkar, 2004). Neutralization of 

repulsive surface charges on highly charged proteins is believed to occur through 

three possible mechanisms: (a) the Debye-Huckel ion screening effect, (b) direct 

ion-pairing, and (c) indirectly affecting water structure (Goto and Aimoto, 1991; 

Goto et al., 1990; Zhang et al., 2005). Our data suggests that all three possible 

mechanisms are likely employed in the case of cationic effects on apoflavodoxin 

stability at low (< 250 mM) concentrations. In accord with Debye-Huckel 

screening affects, and data on Anabaena apoflavodoxin (Maldonado et al., 

2002), we found that at ion concentrations where the protein is effectively 

saturated (~ 250 mM), the effects of the various cations on apoflavodoxin stability 
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are similar regardless of their position in the Hofmeister series. In agreement 

with ion-pairing, we found that at concentrations below 250 mM, apparent 

specific binding events occurred for the studied cations and their efficacy 

depended on their position in the Hofmeister series. Finally, the indirect effects 

of the studied ions on water structure cannot be negated, as the observed 

ordering of the ionic effects based on their position in the Hofmeister series 

suggests an integral role of cation-water interactions. 

In order to gain a more general view of the mechanism of ionic effects on 

protein stability, we extended our project to include both small cations and anions 

at higher concentrations (300 mM - 1.75 M; where Hofmeister effects should 

dominate) and proteins with vastly different charges (apoflavodoxin and positively 

charged cytochrome c). Interestingly, we found that the effects of the studied 

cations and anions were similar for both proteins regardless of charge. 

Therefore, the portion of the two proteins modulating protein-ion interactions 

must be common to both proteins - potentially the peptide group or nonpolar 

side-chains. This contradicts previous findings suggesting that protein charge 

plays a major role in modulating ionic effects on protein properties (Bostrom et 

al., 2005). However, our results agree with studies on model amides suggesting 

a primary role for direct ion-peptide group interactions (Bello et al., 1966; Nandi 

and Robinson, 1972b). As with our study of ionic effects on protein stability at 

low concentrations, we once again found strong correlations for ionic effects on 

apoflavodoxin and cytochrome c stability at high ion concentrations with ion 
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hydration properties - specifically ion air/water partitioning coefficients, ion 

effects on surface tension, and anion charge density. These results agree with a 

number of other studies suggesting that ionic effects on surface tension 

(Arakawa and Timasheff, 1982; Breslow and Guo, 1990; Jensen et al., 1995; 

Kaushik and Bhat, 1999; Lee and Timasheff, 1981) and ion charge-density 

(Collins, 2006; Collins et al., 2007) are major factors in affecting protein stability. 

Taken together, our data on the effects of Hofmeister ions on the stability of 

apoflavodoxin at low (< 250 mM) concentrations and oppositely charged proteins 

at higher (300 mM - 1.75 M) concentrations strongly suggest a major role for ion 

hydration in modulating protein properties. At low concentrations, our data 

suggest that direct protein-ion interactions are modulated by the degree of cation 

hydration and thus the position of the cation in the Hofmeister series. At high 

concentrations, the similar effects of cations and anions on oppositely charged 

proteins, and the correlation of ionic effects on protein properties with intrinsic ion 

hydration again suggests protein-ion interactions - potentially ion-peptide group 

interactions. In addition to proposing specific mechanisms of ion-protein 

interactions modulating protein stability, our work in conjunction with other 

theoretical and experimental efforts have shown that the presence of Hofmeister 

ions (in physiologically relevant concentrations) can significantly modulate protein 

properties. As with the steric effects of macromolecular crowding, we suggest 

that data accumulated in low ionic strength, dilute buffer conditions may often fall 

short of characterizing protein properties relative to in vivo conditions. 
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Future direction of this project and implications for future in vitro work 

Although many exciting (and in some cases, novel) discoveries have been 

made on the effects of volume exclusion and small ions on the structure and 

stability of flavodoxin, much remains to be done. In particular, we would like to 

resolve the effects of macromolecular crowding on the native state of flavodoxin 

to the residue level. Preliminary NMR data on doubly-labeled flavodoxin in the 

presence and absence of Ficoll 70 (collaboration with Drs. Kevin MacKenzie and 

Adina Maximciuc-Kilpatrick) have shown that NMR spectra even in the presence 

of high concentrations of synthetic crowding agents are analyzable (not shown). 

NMR data through our first attempts were promising but complex. The 

completion of NMR experiments on native flavodoxin in the presence of Ficoll 70 

could be coupled with attempts to perform in-cell NMR on flavodoxin-

overexpressing bacteria (an emerging method of gathering structural information 

(Bernado et al., 2004; Dedmon et al., 2002; Serber and Dotsch, 2001)). 

On a more immediate timescale, I have completed the in vitro portion of a 

project assessing the effects of 100 mg/ml Ficoll 70 on the equilibrium and kinetic 

properties of wild-type and mutant apoflavodoxins (included in Appendix). Dr. 

Cheung's group will once again simulate all the studied variants in silico to 

attempt to couple experimental data with information at a greater level of 

resolution. Although I am just in the preliminary stages of data analysis, it 

appears that the folding transition state of apoflavodoxin is not grossly altered by 

the presence of 100 mg/ml Ficoll 70 (100 mM KPi, pH 7). This result could have 
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been expected, because our previous work showed that Ficoll 70 did not greatly 

alter the folding pathway of wild-type apoflavodoxin (10 mM HEPES, pH 7). In 

the future, it would be interesting to perform equilibrium and kinetic studies on the 

variant apoflavodoxins in the presence of 100 mg/ml dextran 70 which we have 

shown in vitro and in silico to affect the kinetic folding process of apoflavodoxin. 

As for the importance of our work (and others) on the often overlooked, 

intrinsic properties of the intracellular milieu (macromolecular crowding and ionic 

nature), we would strongly urge that in vitro conditions for protein biophysical 

studies include investigations into the effects of synthetic crowding agents and 

small ions in physiologically relevant amounts before concluding protein 

biophysical properties and reaction mechanisms. In addition to our work, the 

recent work on the "intrinsically disordered" protein FlgM showing spontaneous 

folding by NMR in the presence of crowding (both with synthetic crowders and by 

in-cell techniques) (Dedmon et al., 2002) is an excellent cautionary tale 

describing the missteps that can be made in characterizing purified proteins in 

the absence of conditions mimicking the intracellular environment. 
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APPENDIX 

Effects of macromolecular crowding on apoflavodoxin folding mechanism 

In order to assess the effects of excluded volume on apoflavodoxin folding, I 

used the apoflavodoxin variants from the previous studies along with 100 mg/ml 

Ficoll 70. The reason for choosing this concentration of crowding agent was 

simply because of limitations due to reagent volumes as a result of the amounts 

of stock protein, stock KPi buffer, and 10 M urea. Unfortunately at the time this 

manuscript is being written, only the in vitro data has been completed, and Dr. 

Cheung's group will simulate the variants with spherical crowding agents in the 

near future. 

Effects of crowding on wild-type and mutant apoflavodoxin eguilibrium stability 

As with our previous studies, we expect that macromolecular crowding should 

stabilize wild-type and mutant apoflavodoxins against thermal and chemical 

equilibrium denaturation. Using the thermal transition data from Stagg et. al 

(2007), we postulated that thermal transitions for wild-type and mutant 

apoflavodoxins should increase on average 1-2 °C in 100 mg/ml Ficoll 70 

compared to the buffer condition (100 mM KPi, pH 7) (using data from Table 3.2 

assessing increase in Tm upon addition of 100 mg/ml Ficoll in 20 mM KPi and 40 

mM KPi, 250 mM NaCI conditions). In fact, the average change in Tm for all the 

studied variants is + 1.8 °C upon the addition of 100 mg/ml Ficoll 70 (monitored 

by CD signal at 222 nm) (Table A.1). For a few of the mutants (L5A, V7A, and 
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Variant 

wt 

L5A 

V7A 

A19G 

V33A 

L36A 

V53A 

F55A 

L74A 

V88A 

El 09 A 

I120A 

L124A 

V137A 

2° 
Structure 

-
PI 
PI 
a l 

P2 

P2 

P3 

p3 

a2 

P4 
a3 

P5 
P5 
a4 

Tm (°C) 

69.7 ±0.1 

62.3 ±0.1 

59.3 ±0.1 

61.5 ±0.1 

61.5 ±0.1 

64.2 ±0.1 

56.8 ±0.1 

52.9 ±0.1 

58.5 ±0.1 

57.8 ±0.1 

67.2 ±0.1 

53.1 ±0.1 

61.2 ±0.1 

52.6 ±0.2 

ATm 
CO 
1.8 

-0.4 

-0.3 

0.5 

-0.3 

3.8 

1.1 

0.8 

2.1 

3.4 

0.6 

3.9 

4.1 

3.3 

AGu 
(kJ/mol) 

26.5 ±1.8 

17.7 ±1.1 

18.0 ±0.6 

16.7 ±0.4 

16.0 ±0.5 

17.6 ±0.9 

14.0 ±1.0 

6.7 ±0.3 

7.9 ±1.4 

15.0 ±0.8 

16.5 ±0.8 

8.4 ±0.8 

10.2 ±1.6 

7 ±0.3 

AAGu 
(kJ/mol) 

0.2 

1.9 

0.7 

1.5 

0.8 

0.9 

0.3 

-1.3 

1.4 

1.7 

1.8 

2.5 

3.1 

0.5 

m-value 
(kJ/mol,M) 

5.7+0.5 

6.3 ± 0.4 

6.7 ± 0.2 

5.0 ±0.1 

5.2 ±0.2 

5.4 ±0.3 

5.7 ±0.4 

2.7 ±0.1 

4.1 ±0.5 

4.3 ±0.3 

4.8 ±0.2 

2.8 + 0.3 

4.3 ± 0.6 

2.4 ±0.1 

Am-value 
(kJ/mol,M) 

-0.6 

-0.1 

-0.5 

0 

-0.1 

-0.3 

0.3 

-0.9 

1.0 

-0.2 

0.1 

0.6 

0.7 

0 

[urea] in 
(M) 

4.66 

2.80 

2.66 

3.36 

3.08 

3.22 

2.48 

2.51 

1.91 

3.52 

3.44 

2.96 

2.36 

2.95 

A [urea] 1/2 
(M) 

0.4 

0.4 

0.3 

0.3 

0.2 

0.3 

-0.1 

0.3 

-0.2 

0.6 

0.3 

0.4 

0.2 

0.2 

Average 1.1 0.0 0.3 

Table A.l - Equilibrium values calculated for wild-type and mutant 
apoflavodoxins in the presence of 100 mg/ml Ficoll 70 (100 mM KPi, 
pH 7). ATm, AAGu, Am-value, and A[urea]i/2 values calculated as 
valueioomg/mi Ficoii 70 - valuet,uffer. All values calculated from experiments 
monitoring CD signal at 222 nm. 
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V33A), the calculated Tm in 100 mg/ml Ficoll 70 decreased slightly, however, the 

decreases are small and may not be significant. 

Similarly, we would expect that 100 mg/ml Ficoll 70 should stabilize the 

studied variants against urea denaturation. As touched on earlier in Chapter 3, 

we noted that the calculated AGu(H20) value for wild-type apoflavodoxin did not 

increase significantly in the presence of 100 mg/ml Ficoll 70 using 100 mM KPi, 

pH 7 as the buffer condition (likely a result of a slightly lower m-value). However, 

the midpoint of unfolding for wild-type apoflavodoxin does increase 

(approximately + 0.4 M urea). On average, the calculated AGu(H20) values for 

the studied apoflavodoxins modestly increased (+ 1.1 kJ/mol) in the presence of 

100 mg/ml Ficoll 70. In addition, calculated urea midpoints of unfolding 

increased on average by 0.3 M urea. Calculated m-values fluctuated 

approximately ± 1 kJ/mol,M for the studied apoflavodoxins, however, the average 

m-value for the entire set of variants did not change as a result of 100 mg/ml 

Ficoll 70. 

Effects of crowding on kinetic folding/unfolding of wild-type and mutant 
apoflavodoxins 

Efforts to assess the effects of crowding (100 mg/ml Ficoll 70) on the kinetic 

folding mechanism of wild-type and mutant apoflavodoxins were muddied by the 

presence of significant rollover in the folding arms of many of the studied proteins 

(and at least some rollover in all proteins). Rollover (non-Arrhenius) kinetics are 

difficult to analyze and draw conclusions. Rollover in the folding arms of Chevron 
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plots may mean that an additional intermediate state is populating or that the 

transition state is moving along the reaction coordinate (Houry et al., 1995; Kaya 

and Chan, 2003; Kiefhaber, 1995; Matouschek et al., 1990; Silow and Oliveberg, 

1997). In order to attempt to analyze the data as accurately and thoroughly as 

possible, I assessed the Chevron plots in two ways: (1) I excluded data points in 

the non-linear portions of the folding arm and fit the Chevrons in a fundamental 

manner (Fig. A.1), and (2) I introduced a variable into the fit to describe the 

curvature of the folding arm to extrapolate the curved folding arm to zero 

denaturant (Fig. A.2) (fit adapted from (Maxwell et al., 2005)): 

In/cobs = |n[e((A + mf[D]/RT) + cf[D]A2) + e«e + mu[D]'RT) + CU[D]A2)] (Eq. A.1) 

where A is ln/cf
H2°, B is ln/cu

H2°, mf and mu are the slopes of the linear portions of 

the Chevron, and Q and cu are constants describing the curvature of the folding 

and unfolding phases. 

Thus we have two sets of folding and unfolding rates for the studied variants 

and two sets of O-values (Table A.2). I again calculated O-values using 

unfolding rates and equilibrium AAGu values, and as the unfolding phases of 

these Chevrons are roughly linear, we expect the O-values calculated using 

linear and curved fits to be in close agreement. Interestingly, although a few of 

the O-values do change as a result of the addition of 100 mg/ml Ficoll 70 

(especially A19G), qualitatively, the O-values calculated by both linear and 

curved fits suggest that the transition state of apoflavodoxin is largely unchanged 

as a result of crowding. We could have predicted as much based on the fact that 
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3 4 5 

[Urea] (M) 

Figure A.l - Chevron plots of wild-type and mutant apoflavodoxins in 
the presence of 100 mg/ml Ficoll 70 excluding data points in rollover 
portion of folding arm (100 mM KPi, pH 7, 20 °C). 

CO 
a 
O 

C 

3 4 5 

[Urea] (M) 

Figure A.2 - Chevron plots for wild-type and mutant apoflavodoxins 
containing all data points from stopped-flow mixing experiments with 
apparent rollover in folding arms (100 mM KPi, pH 7, 20 °C). 
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Linear Fits 

Variant 

wt 

L5A 
V7A 

A19G 
V33A 

L36A 
V53A 

F55A 

L74A 
V88A 

El 09 A 
1120 A 

LI 24 A 
V137A 

2° 
Structure 

-

PI 
PI 
ctl 

P2 
P2 
P3 
P3 
a2 

p4 
a3 

P5 
P5 
a4 

% Miss. Amp. 
(Ref.) 
40.9 
56.4 

67.0 

15.6 

21.1 
40.9 

30.8 
48.4 

35.8 
41.4 

30.5 
36.4 

37.8 
37.0 

kf(obs) ( s ) 

115.7 ± 31.7 

33.6 ±4.5 
38.8 ±11.8 

83.3 ±11.7 
109.9 ±12.4 

186.8 ±65.7 

38.8 ±4.4 
6.2 ±1.2 

25.2 ±2.8 
7.9 ± 0.7 

62.0 ±6.0 
53.3 ±6.0 

12.5 ±3.0 
5.8 ±0.8 

Ms"1) 

0.0015 ±0.0010 

0.0174 ±0.0048 
0.0023 ±0.0010 

0.0028 ±0.0015 

0.0030 ± 0.0007 

0.0117 ±0.0016 
0.0109 ±0.0021 
0.0108 ±0.0025 

0.1830 ±0.0177 

0.0045 ± 0.0005 

0.0259 ± 0.0072 
0.0453 ± 0.0077 

0.1024 ±0.0406 
0.0547 ±0.0138 

AGUvkin (kJ/mol) 

27.4 

18.4 

23.7 

25.1 

25.6 
23.6 

19.9 
15.5 

12.0 
18.2 

18.9 
17.2 

11.7 
11.4 

<Df 

-

0.33 

0.88 

0.85 
0.84 

0.44 
0.62 

0.76 

0.37 

0.77 
0.31 
0.54 

0.33 
0.55 

Rollover Fits 

Variant 

wt 
L5A 

V7A 

A19G 
V33A 

L36A 

V53A 

F55A 
L74A 

V88A 

E109A 

1120 A 
LI 24 A 

V137A 

2° 
Structure 

-

PI 
PI 
ccl 

P2 
P2 
P3 
P3 
oc2 

P4 
oc3 

P5 
P5 
ct4 

% Miss. Amp. 
(Ref.) 
40.9 
56.4 

67.0 

15.6 
21.1 

40.9 
30.8 

48.4 

35.8 
41.4 

30.5 

36.4 

37.8 

37.0 

kf(obs) (S ) 

10.2 ±1.6 
7.4 ±1.4 

4.2 ± 0.3 

22.1 ±2.9 

19.7 ±3.2 

8.2 ±0.5 
14.5 ±4.4 

1.3 ±0.3 

6.5 ± 1.2 
3.3 ±0.5 

28.3 ±3.8 

23.6 ±1.7 

3.8 ±0.2 

3.0 ±0.5 

Ms'1) 

0.0022 ±0.0012 

0.0317 ±0.0056 

0.0034 ± 0.0009 

0.0071 ±0.0016 
0.0052 ±0.0012 

0.0171 ±0.0041 

0.0135 ±0.0043 

0.0145 ±0.0028 
0.2295 ±0.0186 

0.0055 ± 0.0009 
0.0452 ± 0.0097 

0.0582 ±0.0135 

0.1551 ±0.0276 

0.0778 ±0.0148 

AGU]kin (kJ/mol) 

20.6 

13.3 

17.3 

19.6 

20.1 
14.4 

17.0 

11.0 

8.1 

15.6 
15.7 

14.6 

7.8 
8.9 

Of 

-

0.26 

0.87 

0.71 

0.80 

0.43 
0.64 

0.77 
0.39 

0.80 

0.26 

0.56 
0.32 

0.55 

Table A.2 - Kinetic folding (apparent) and unfolding rates, free 
energies of unfolding, and O-values calculated by linear fits (top panel) 
and fits to the rollover kinetics (bottom panel) for wild-type and mutant 
apoflavodoxins in the presence of 100 mg/ml Ficoll 70 (100 mM KPi, 
pH 7, 20 °C). O-values calculated using unfolding rates as described in 
text. 
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the presence of 150 mg/ml Ficoll 70 did not change the amount of observed off-

pathway burst-phase intermediate nor did it significantly change the in silico 

folding pathway of apoflavodoxin (Homouz et al., 2009). Calculated missing 

amplitudes do appear to change for a number of the variant apoflavodoxins in the 

presence of 100 mg/ml Ficoll 70 relative to the buffer condition, but assessing 

this data relative to folding pathway heterogeneity is impossible at this point 

without in silico data. 
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