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Abstract:

It has been established that substituting hydrophobic amino acids in proteins with
fluorinated analogs leads to an increase in their stability against heat and chemical denaturants.
The cause of this effect has been difficult to determine. Some results suggest it is due to
fluorine’s increased size and that the effect is entropic, while other evidence points towards an
enthalpic contribution, stemming from the fluorous effect. To better understand the causes of this
enhanced stability, the Marsh Lab synthesized 12 a4-helix peptides that incorporate different
numbers and types of fluorinated residues into the interior of the folded helical bundle. Heat and
guanidinium hydrochloride were used to denature the tetramer and this two-state equilibrium was
monitored using circular dichroism. An algorithm was developed to describe this equilibrium
and a script was written in MATLAB to relate the CD signal to the thermodynamic parameters of
interest. The AH°, AS®, and AC,° of unfolding were calculated for each peptide and it was found
that the change in entropy and heat capacity were highly correlated with the change in apolar
solvent accessible surface area, while the enthalpy change had no such correlation. These results
indicate that fluorine’s stabilizing effect is due to its larger size and the conventional

hydrophobic effect and not due to any unusual fluorous interactions.



Introduction:

Proteins are among the most important components of biological organisms (1). With
water and protein composing 70% and 15% of E. coli by weight respectively, it is no wonder that
much of the earliest biochemical research was concerned with studying them (2). In fact, the
term protein was coined in 1838 by Berzelius and it stems from the Greek proteios, meaning of
first importance (1). They are macromolecules and it was realized in the 19" century that they
consist of amino acid monomers (3, 4). There are 20 standard amino acids and those plus
specialized nonstandard amino acids are the principle components of proteins (1). Critically,
Anfinsen demonstrated in the 1960s that the primary structure or amino acid sequence of a
protein is enough to determine its three-dimensional structure and therefore its function (5).

The structure of each amino acid plays a key role in determining how proteins fold.
Amino acids consist of an a-carbon bonded to an amino group, a carboxyl group, a hydrogen,
and a side chain (R group). The a-carbon is a stereocenter and in the vast majority of biological
systems the only stereoisomers present are the L-amino acids (using the Fischer convention) (1,
6). The only feature that differs between amino acids is their side chains. Any introductory
biochemistry textbook will have the standard amino acids illustrated (1). Amino acids link
together via peptide bonds; a short sequence of amino acids is called a peptide. Given the
primary structure of a peptide, the next step is examining its secondary structure.

The secondary structure of a peptide is formally the local conformation of its backbone. It
is the three dimensional configuration of a small portion of the molecule. The major
determinants of secondary structure are electrostatics, hydrogen bonding, disulfide bonds, and
perhaps most importantly the hydrophobic effect (1). The favorability of salt bridge formation

between oppositely charged residues and of hydrogen bonding between amino acids is a factor in



the overall structure, but they are often not substantially more favorable than interactions with
solvent. The hydrophobic effect refers to the tendency of nonpolar groups to minimize their
contact with water (7). An aqueous solution can maximize its entropy and minimize its free
energy by excluding nonpolar side chains found in peptides from the aqueous environment (8).
An unfolded protein in solution will almost immediately undergo hydrophobic collapse into a
molten globule state, indicating just how influential the hydrophobic effect is (9).

It may come as a surprise that the vast majority of protein secondary structure can be
described by just a few different motifs. Ramachandran rigorously showed that the
conformational degrees of freedom for amino acids are relatively restricted and this greatly limits
the configuration space for proteins (10). The major repeating structures are the a-helix and the
[-sheet, while the nonrepetitive structures are the coil or loop conformations (1). Of particular
interest here are the a-helical and random coil conformations. The a-helix has a number of
features that lead to its prevalence. The amide hydrogens are an optimal distance from the
carbonyl oxygen, which leads to an extensive hydrogen bond network. The backbone
arrangement is very compact, which leads to an entropic gain for water and an enthalpic gain
from van der Waals interactions for the protein. There is a net dipole from the orientation of the
amide groups, leading to further stabilization. Finally, the side chains are all oriented outward,
minimizing steric interactions (1, 11). The random coil configuration is one in which the residues
are totally disordered and are rapidly fluctuating.

Protein folding can be regarded as an equilibrium process (12). Regardless of whether
denaturation is performed with a chaotropic agent like guanidinium hydrochloride (GuHCI) or
with heat, protein unfolding is cooperative (1). As soon as part of the protein becomes unfolded,

the rest of the structure will unfold as well. For example, as soon as part of an a-helix loses its



structure, the entire chain will collapse into a random coil. Although relatively stable
intermediates may exist on the unfolding pathway, especially for smaller peptides the folded and
unfolded conformations reach equilibrium very quickly.

The secondary structure of peptides plays a key role in determining their function, of
which there are many. Perhaps the most well-established function of peptides is as hormones.
Glucagon (29 residues), insulin (51 res.), parathyroid hormone (84 res.), calcitonin (33 res.), and
human growth hormone (191 res.) are just a few well studied examples (1). More recently, there
has been substantial interest in antimicrobial peptides (13, 14). These are evolutionarily ancient
peptides that target infective agents without harming animal or plant cells in physiologically
relevant concentrations (13). Although their structural diversity is impressive, these peptides all
seem to differentiate between bacterial cells and eukaryotic cells via charge interactions on the
cell membranes (15). The outer surface of bacterial membranes is composed of lipids with
negatively charged phospholipid headgroups, while in eukaryotes the outer surface is typically
more neutral with the negative groups on the internal side of the membrane. Thus it seems that
the peptides interact specifically with the negatively charged membranes and then kill the
microbes through a variety of different pathways. How each peptide kills pathogens has been the
subject of much debate (15). An understanding of these mechanisms could lead to a new class of
antibiotics, especially considering bacteria cannot seem to develop any resistance to these
peptides in a physiologically relevant setting or timescale (16).

In order to better study the structure of peptides, the element fluorine has been utilized
extensively (17). Fluorine is a fascinating element with a number of unusual properties,
particularly in organic compounds. For instance, it exhibits the aptly named “fluorous effect”. A

solution of perfluorohexane is not soluble in hexane or in water and a mixture of the three results



in three phases, indicating that the compound is neither truly hydrophobic nor hydrophilic (18,
19). Even more strangely, 1,2-difluoroethane is the canonical example of the Gauche Effect (20).
Steric considerations can explain why the staggered form of butane is 0.9 kcal/mol more stable
than the gauche configuration, but the opposite holds for 1,2-difluoroethane: The gauche form is
more stable by about 0.6 kcal/mol (20). This is due to hyperconjugation (21). That is, the cc.n
bond interacts favorably with the 6*c_r that is anti to it or equivalently that the HOMO of the
carbon-hydrogen bond interacts with the low lying LUMO of the anti carbon-fluorine bond.
Although fluorine does have some unusual features, it has several that could make it a powerful
tool in the study of proteins. The van der Waals radius of fluorine, about 1.4 A, is similar to that
of hydrogen (~1.2 A), and so the two are relatively isosteric and can be substituted for each other
while only minimally perturbing the structure (22). The fluorine-19 nucleus has a spin of %, is
83% as sensitive as *H, and is 100% abundant (23). This has made °F-NMR not only a powerful
tool in vitro, but due to the lack of fluorine in biological compounds (see ref. 24 for exceptions),
in vivo *F-NMR has become quite popular as well (18).

The incorporation of fluorine into peptides can be done in a number of ways. Solid phase
synthesis with fluorine-containing amino acid analogues is the most flexible tool for short
peptides of less than 50 residues (18). Another method requires the use of an amino acyl-tRNA
synthetase that can recognize fluorinated substrates. Although the latter method is less developed
currently, it has the potential to allow the site-specific incorporation of fluorinated amino acids
into large proteins (25). After incorporation, the analysis of fluorine’s local chemical
environment can be done with NMR, as there is no background signal. Just one example is the

determination of how fluorinated analogs of antimicrobial peptides interact with bacterial cell



membranes (26). By examining how the chemical shift and width of the peaks change over time,
insight into the peptide’s mechanism can be gained.

In addition to their usefulness as probes, fluorinated analogs of proteins can have a more
stable folded form when packed appropriately. When coiled-coil proteins were analyzed and the
interior hydrophobic leucine residues were replaced with trifluoroleucine, the melting
temperature and the midpoint concentration for urea increased, indicating increased resistance to
thermal and chemical denaturation (27). In addition, proteins fluorinated in specific locations are
known to become more resistant to proteolysis (28). Increased resistance to proteolysis is
medically relevant, as it could lead to peptide pharmaceuticals that have a longer half-life, as
typically these drugs are metabolized too rapidly to be useful. The basis for this is
straightforward. The hydrogen-to-fluorine substitution alters the structure just enough that
proteolytic enzymes cannot conform to fit around that segment of the protein, but not enough to
dramatically decrease the activity of the peptide (28).

The increased resistance to thermal and chemical denaturation has been harder to explain
(29). Methods to measure this increase in stability most commonly use the difference in melting
temperature or free energy of unfolding, but these cannot give a clear structural basis for the
cause. Complicating matters further is enthalpy-entropy compensation, which makes the
thermodynamic data even tougher to interpret without structural support (30). Several different
theories have been proposed. Some rely simply on the increased size and hydrophobicity of
fluorine (28). Because fluorocarbon chains are even more hydrophobic than hydrocarbons, they
will be relatively more stable in a folded protein where they can be put into a water-excluded
cavity. However, fluorine’s unusual properties suggest the cause might be more complex. The

fluorous effect and the unusually low lying o*c.r make alternative explanations plausible.



Perhaps fluorine atoms in the hydrophobic cavity are interacting favorably with one another,
providing an enthalpic contribution to folding. To fully utilize fluorine in peptides, an
understanding of why they increase stability is essential.

A model system to explore the contribution of fluorine to peptide stability was developed
by the Marsh Lab in 2004 (31). See Figure 1 for its structure. In their design, the folded tetramer
has hydrophilic residues placed externally, while the hydrophobic fluorous residues are internal
and able to interact with each other while avoiding the aqueous solution. Conversely, in the
unfolded state the protein is in a random coil conformation. Verification of the a-helical content
was done via circular dichroism, while analytical ultracentrifugation and gel filtration confirmed
the monomer-tetramer equilibrium. The fluorinated analog was more stable to chemical
denaturation than the non-fluorinated version, demonstrating that fluorine is somehow playing a
stabilizing role (31).

Additional analogs were synthesized, each containing differing amounts of fluorine in the
interior cavity (32). These peptides were analyzed using the above techniques and similar results
observed. Interestingly, the free energy of folding seemed to increase linearly with the number of
fluorine atoms in the peptide. Subsequently, proteolysis experiments revealed that the fluorinated
analogs have a substantially increased resistance to degradation (33). Thus this sequence of
peptides demonstrates the desired properties, but it is still unclear how fluorine confers these

effects.



abcdefg abcdefg abcdefg a
Ac-GN ADELYKE LEDXQER XRKLRKK LRSG CONH

X = Leu: ou-H; X = hFLeu: oy-F»

Figure 1: Reprinted with permission from Ref. 31. Copywrite 2004 American Chemical Society.
This was the first antiparallel a4-helix bundle designed by the Marsh Lab to determine how
fluorine affects the stability of folded proteins. Note how the hexafluoroleucine residues are
packed into the hydrophobic interior of the tetramer.

Further variants of a4sH made it clear that it is not only the amount of fluorine, but also
where the fluorine is located that plays a role (34). By selectively placing hexafluoroleucine at
specific ‘a’ and ‘d’ positions in the chain (see Figure 2), the packing structure was shown to
influence the free energy change. However, crystal structures of the tetramers were not
immediately available and so it was challenging to determine the details of the effect. Notably,

enthalpy-entropy compensation could have been taking place, making anything other than free

energy calculations impossible to interpret.
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Figure 2: Reprinted with permission from Ref. 34. Copywrite 2009 American Chemical Society.
These are several variants of the synthesized o4H peptide, where the hexafluoroleucine is
indicated with darker, larger spheres. The packing differences are intimately related to the
stability of the tetramer.

To conclusively determine the source of the stability increase, a detailed thermodynamic
analysis was undertaken (29). Guanidinium hydrochloride and heat were used to denature the
peptides and the folding was monitored using circular dichroism. Circular dichroism is a
powerful tool to monitor protein secondary structure, showing characteristic peaks for a-helices,
B-sheets, and random coils (35). In particular, the ellipticity at 222 nm is strongly correlated with
a-helical content and since all of the a4 analogs above have an o-helical folded state and a

random coil unfolded state, this provides a convenient and accurate way to determine the

proportion folded under given conditions.

Materials and Methods:
Before peptide synthesis could be performed, the fluorinated amino acids had to be
obtained. 4,4,4-Trifluoroethylglycine was purchased from SynQuest Laboratory and

enzymatically resolved using porcine kidney acylase | as previously described (36). Next, L-
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5,5,5,5°,5,5’-hexafluoroleucine was synthesized using established methods (37). Boc and Fmoc
protected p-tert-butyl-L-alanine were bought from AnaSpec Inc. Peptide synthesis was
performed using standard protocols (31, 38). The peptide sequences are given in Figure 3: asH

and a4tbAs were synthesized via the Fmoc protocol, while the others were done with Boc

procedures.
abcdefg abcdefg abcdefg a

azH Ac-GN ADELYKE LEDLQER LRKLRKK LRSG-NH:2
astbAg Ac-GN ADEXYKE XEDXQER XRKXRKK XRSG-NH:2
a4F;(6,24) Ac-GN ADEXYKE LEDLQER LRKLRKK XRSG-NH:2
a,F»(10,20) Ac-GN ADELYKE XEDLQER LRKXRKK LRSG-NH:2
a,;F>(13,17) Ac-GN ADELYKE LEDXQER XRKLRKK LRSG-NH2
a,4F3(6-13) Ac-GN ADEXYKE XEDXQER LRKLRKK LRSG-NH:2
a4F3(17-24) Ac-GN ADELYKE LEDLQER XRKXRKK XRSG-NH2
asFaa Ac-GN ADELYKE XEDLQER XRKLRKK XRSG-NH2
asFsd Ac-GN ADEXYKE LEDXQER LRKXRKK LRSG-NH:2
asF;a-tbA;d Ac-GN ADEXYKE XEDXQER XRKYRKK XRSG-NH2
a,F,af,d Ac-GN ADEXYKE XED®QER XRKXRKK XRSG-NH:
a4Fe Ac-GN ADEXYKE XEDXQER XRKXRKK XRSG-NH2

L = Leu

% = tBAla

X = hFlLeu

(e
H,N~ "COOH H,N~ "COOH
Leucine

Figure 3: Adapted with permission from Ref. 29. Copywrite 2012 American Chemical Society.

H,oN

CF3

B-tert-Butylalanine

F
ﬁCF3 ol

COOH HyN
Hexafluoroleucine Trifluoroethylglycine

COOH

This shows the sequences of all of the synthesized peptides, as well as the structures of the
folded proteins. The structures of the amino acids are also given.
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The circular dichroism experiments were done in an Avis 62DS spectropolarimeter at 222
nm with a 1 mm path length cuvette. Stock solutions were prepared that contained 40 uM peptide
(monomer concentration), 10 mM potassium phosphate buffer at pH 7.0, and 9 to12 different
concentrations of guanidinium hydrochloride. Each of those solutions had ellipticity
measurements averaged over 10 seconds and the temperature for each was varied from 4 °C to
90 °C in 2 °C increments. Between 430 and 512 data points were obtained for each peptide.

The relationship between the CD signal and the thermodynamic parameters was
established as follows. It was assumed that the equilibrium was between the monomeric random
coil peptide and the folded 4-a-helix bundle. Suppose [P] is the total amount of peptide and let
[U] and [F] be the concentrations of monomeric peptide and folded tetramer respectively, so
[P] = 4[F] + [U]. For all of the experiments presented here [P] = 40 uM. Then at any given set
of conditions, the ellipticity € can be written as the sum of the contributions from the unfolded

and folded components, as in Eqgn. 1.

[ [PI-[u]
[P]

This relates the measured ellipticity to the amount of unfolded peptide, and so now a relationship

(1)

between [U] and the thermodynamic parameters must be found.
The equilibrium constant between F 2 4U is given by the following equation.

LU 4
=T = mr-u @

For monomer and dimer folding, the above equation can be solved for [U] because the exponent

is only equal to 1 or 2. In general though, the above equation cannot be solved for [U] in a simple
or convenient way (although an analytic solution does exist) (39). It is far simpler to use a

numeric solution. With modern computers, the error from this is completely negligible. In Eqgn. 2
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we are given a function from [U] to K, and so an inverse must be shown to exist and to be unique
in the domain where [U] lies in the interval (0, [P]). This will be done using real analysis (40). K
is clearly defined for all [U] in the desired interval and as a rational function of [U], it is also
differentiable where defined.

dK__ 4[UF = (4[P] -3[UD)
T R (T I T C

This function is positive for all [U] in the domain of interest, and so K is monotonic and thus
there exists an inverse function that maps from K to [U] as desired. To prove uniqueness, it
suffices to define [U] = 0 when K = 0 and [U] = [P] as K tends to o. Thus, Eqn. 2 has a unique
inverse function. Informally, Eqn. 2 finds the K value for each [U], and the previous steps show
that Egn. 2 can also be used to find the [U] that corresponds to each K. Although this cannot be
done explicitly, this computation can be done numerically by finding the (unique) root of

. KUl K[P]
U+ === =0®

between 0 and [P]".

Returning to Eqgn. 1, this can be rewritten as

UKy [P - [U]K)
DT

where now the monomer concentration is a function of the equilibrium constant. The equilibrium

0 =0,

(5)

constant can be related to the Gibbs free energy, and this can then be substituted into the Gibbs-

Helmholtz equation (Eqn. 6 below) as follows (41).

T,
AG = AH®° — TAS® + C,° (T — T, + Tln?()) — m[GuHCl] (6)

! Although the above procedure is rigorous, inverse functions are rather common. For example, the inverse of the
squaring function y = x? is the square root function x = ﬁ Although the fourth order polynomial in Eqgn. 4 is
more complicated than the squaring function, the mathematics involved is entirely analogous.
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AG AH® = TAS® + C,° (T = To + Tn %) — m[GuHC]]

K = exp (— ﬁ) =exp| — 7T (7)

In Eqn. 7, AH®, AS°, and AC,° represent the change in enthalpy, entropy, and heat capacity upon
unfolding at a standard temperature Ty (typically 298 K). Over this temperature range it cannot
be assumed that the enthalpy and entropy changes are constant, but these are accounted for with
the AC,° term. The m term relates the free energy of unfolding to the concentration of
denaturant, namely that the free energy of unfolding decreases linearly with [GuUHCI]. In the
above it is safe to assume that AC,° and m are constant (41, 42). This gives K as a function of
temperature, [GUHCI], and the desired thermodynamic parameters.

Thus, using Eqgn. 5, we have the ellipticity in terms of [U], and Eqn. 4 gives [U] as a
function of K. From Eqgn. 7, K is dependent on the temperature T, [GUHCI], and the constants
AH°, AS°, AC,°, and m. Combining all of this together gives the ellipticity as a function of the
experimental conditions and the thermodynamic parameters. The only note remaining is to
determine the functional form for 6, and 6;. As done in Ref. 41, these were given a linear
dependence on the parameters.

0, = a + bT + c[GuHCl]

0f = d + eT + f[GuHCI]
This is more of an empirical rather than theoretical assumption, but it has been shown to be
accurate in most cases and perhaps more importantly setting these to constants rather than planes
gave similar values for the peptides studied.

The above theory was used to create a curve fitting algorithm in MATLAB (MathWorks,
Inc.). By using the function given by & vs. T vs. [GUHCI], a nonlinear least squares program

could provide estimates and confidence intervals for the thermodynamic parameters.
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Results:

The CD spectra were obtained as expected. It had been determined previously that the
peptides existed as monomers and tetramers with no significant intermediate structures (34). It
was confirmed here that the folding was reversible and that no precipitate formed, indicating that
the assumptions used in the modeling held for these peptides (29). Before the results of the fits

are given, the algorithms developed are given below.

R = 8.3145; %Ideal Gas Constant in SI units
P = 40e-6; SFree Peptide Concentration in M
TO = 298.15; %Reference Temperature in K

%1 kcal = 4184 J exactly
$Make sure data is saved in three columns:
$Temp (Celcius), Theta, [Den] (Molar)

data = uiimport; %$Import data; it will be saved as 'data'

data data.data; %MatLab Glitch; this is the workaround

Temp data(:,1) + 273.15; SConverts to Kelvin

Theta Obsd = data(:,2);

Den = data(:,3);

Cond = [Temp Den];

$Cond is the n x 2 matrix of Temp and Den, and Theta Obsd is output

$Define additional functions K, U, and f

K = @(b,Cond)exp(-(b(3)-Cond(:,1)*b(4)+b(5)* (Cond(:,1)-TO ..
+Cond(:,1).*1og(T0./Cond(:,1)))-Cond(:,2)*b(6))./(R*Cond(:,1)));

U = @(b,Cond) arrayfun(Q (k) fzero(Q(x) x"4+k*x/4-k*P/4, [0 P]), K(b,Cond)):;

f = @(b,Cond)

1/P* ((b (1) *ones (length(Cond(:,1)),1)+b(7).*Cond(:,1)+b(8).*Cond(:,2)) .*U(b,Co

nd) ...

+ (b (2) *ones (length (Cond(:,1)),1)+b(9) .*Cond(:,1)+b(10) .*(Cond(:,2))) .* (P*ones

(length (Cond(:,1)),1)-U(b,Cond)));

$Initial Values Module
betal0 = zeros(10,1);

betal (1) = max(Theta Obsd)+1;

betal(2) = min(Theta Obsd)-1;

Uest = P*(Theta Obsd-betal (2) *ones (length (Theta Obsd), 1))/ (betal (1) -
betal (2));

Kest = 4*Uest.”4./(P*ones (length (Temp),1)-Uest);

DGest = -R*Temp.*log (Kest);

TestMat = ones (length(Temp),4);
for i = l:length (Temp)

TestMat (i,1) = 1;

TestMat (i, 2) = -Temp(1i);

TestMat (i,3) = Temp (i) -TO0+Temp (i) *1og(TO0/Temp (1)) ;
TestMat (i, 4) = -Den(i);

15



end
ParaEst = linsolve (TestMat,DGest) ;

betal = [max(Theta Obsd);min (Theta Obsd); ParaEst(1l);

ParaEst (2) ;ParaEst (3) ;ParakEst (4);0;0;0,;0];

%$Actual Curve Fitting Portion

[beta, r, J, COVB, mse] = nlinfit (Cond, Theta Obsd, f, betal);

ci = nlparci (beta,r, 'covar', COVB);

Because the above algorithm can be generalized to systems beyond studying tetramer folding
with circular dichroism, it will be analyzed in depth. Through defining the matrix ‘Cond’ in the
above script, the program is defining constants and putting the experimental data into a format
that MATLAB can work with. The equilibrium constant ‘K’ is defined using Eqn. 7 to be a
function of the constant thermodynamic parameters and m and the experimental conditions T and
[GUHCI]. Note that the constants are not defined yet, even though ‘K’ is a function of them.
Next, the free monomer concentration ‘U’ is defined as a function of those same parameters by
using ‘K’ and Eqn. 4. Finally, the ellipticity ‘f* is presented as a function of all of the variables
through Eqn. 5. In the above, all of the parameters are given in the vector b = [a; e; AH®; AS®;
ACp®; m; b; c; f; gl.

After the required definitions were programmed, parameter estimates were computed.
When doing nonlinear least squares it is necessary to input a functional form, experimental data,
and then initial values for the constants to be determined. Instead of requiring a user to estimate
parameters each time, a module was created to do this automatically. To determine estimates, it
was first assumed that the base planes were constant (i.e. b = ¢ = f = g = 0) and that the
contribution of the folded peptide to ellipticity was just above the maximum signal at 222 nm

and contribution from the unfolded peptide was just below the minimum signal at 222 nm (35).
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This allows [U] to be estimated for each experimental condition using Egn. 1. From that value of
[U], Eqn. 2 gives a value for K and then

—RTInK = AG
allows AG to be estimated at each experimental condition. From Eqn. 6, using the estimated free
energy of unfolding as well as the temperature and [GUHCI], which are the known experimental
conditions, we have a linear system of equations where the unknowns are the desired parameters.
This system can be solved easily and the resulting ‘ParaEst’ is the collection of those estimates.

It is reasonable to ask if these computed parameters could be used as the results. Just
doing that would be inaccurate. In particular, it is rarely appropriate to transform a nonlinear
model into a linear one and then perform straightforward linear regression and expect the results
to be precise. This is a common problem when analyzing Lineweaver-Burk plots, for example
(43). More specifically, the procedure gives additional weight to certain points, which causes the
errors to be non-normally distributed. The same problem occurs in the ‘Initial Values Module’
above. Fortunately, these values only need to be approximate enough to be used in the nonlinear
regression component, and the results indicate that this method gives good enough values for the
nonlinear least squares algorithm to converge.

The last two lines of code perform the nonlinear curve fitting algorithm using the
experimental conditions, observed ellipticity, the assumed model, and the estimated parameters.
The ‘ci’ portion computes the confidence intervals from the regression output. This outputs the
desired parameters and the confidence intervals in which they lie. To determine the accuracy of
these calculations, the experimental data was plotted with the theoretical curve in MATLAB

using the algorithm below.

X = (min (Temp) : (max (Temp) -min (Temp) ) /99 :max (Temp) ) ."';
Y = (min (Den) : (max (Den)-min (Den))/99:max (Den)) ."';
[X,Y] = meshgrid(X,Y);
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7 = zeros(size(X));
for 1 = 1:100
for j = 1:100
Z(1i,j) = f(beta, [X(i,3]) Y(i,3)1);
end
end

$plottools is the function to graph stuff;
$with a scatterplot of the data

plot the surface X vs. Y vs. Z

By plotting the data, it could be made clear if the data was appropriately fitted. That provided a

good first test, but the residuals were also analyzed to confirm the fit was valid. The plots are

given below.

For five of the peptides (asH, osFsafsd, 0sF2(6,24), asF2(10,20), and a4F2(13,17)), the

above algorithm did not converge. Because they unfolded so easily, the lower base plane could

not be accurately estimated. A slight variation of the above algorithm was used that fixed the

lower based plane. Running the data for the more stable peptides through this program revealed

that the parameters only changed around 10%, and so for comparative purposes was acceptable.

The portions with changes are given here for completeness, but there are really only minor

computational differences.

$Define additional functions K, U, and f

K = @(b,Cond)exp(-(b(3)-Cond(:,1)*b(4)+b (5
-Cond (:,

+Cond(:,1).*1og(T0./Cond(:,1))

) * (Cond (:,1)-TO
2)*b(6))./(R*Cond(:,1)));

)
U = @(b,Cond) arrayfun(Q (k) fzero(Q(x) x"4+k*x/4-k*P/4, [0 P]), K(b,Cond)):;

f = @(b,Cond)
1/P* ((b (1) *ones (length (Cond(:,1)),1)+b(7)
nd) ...

.*Cond(:,1)+b(8) .*Cond(:,2)) .*U(b,Co

+b (2) * (P*ones (length (Cond(:,1)),1)-U(b,Cond))) ;

%$Initial Values Module
betal0 = zeros(8,1);

betal (1) = max(Theta Obsd)+1

betal (2) = min(Theta Obsd)-

Uest = P*(Theta Obsd-betal (2) *ones (length (Theta Obsd), 1))/ (betal (1) -
betal(2));

Kest = 4*Uest.”4./(P*ones (length (Temp),1)-Uest);

DGest = -R*Temp.*log (Kest);

TestMat = ones (length (Temp),4);

for i = l:length(Temp)
TestMat (i,1) = 1;
TestMat (i, 2) -Temp (1) ;
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TestMat (i,3) = Temp (i) -TO0+Temp (i) *1log (TO/Temp (1)) ;
TestMat (i,4) = -Den(i);
end

ParaEst = linsolve (TestMat,DGest) ;

betal = [max(Theta Obsd);min (Theta Obsd); ParaEst(1l);

ParaEst (2) ; ParaEst (3) ; ParakEst (4);0;0];

%Actual Curve Fitting Portion

[beta, r, J, COVB, mse] = nlinfit(Cond, Theta Obsd, f, betal);

ci = nlparci (beta,r, 'covar', COVB);
The plots of the data (the individual points) and the theoretical fitted results (the surface)

are given below in Figure 4. All of the surfaces fit the data very well.
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Figure 4: Reprinted with permission from Ref 29. Copywrite 2012 American Chemical Society.
These are the plots of the circular dichroism data for each peptide. For each temperature and
denaturant concentration the ellipticity was measured at 222 nm and the theoretical surfaces were
determined by calculating the thermodynamic parameters from the data.

The surfaces illustrate just how accurate the model is. To compare how the fluorine content
affects the peptide stability the actual calculated values must be analyzed. They are given below

in Figure 5.

20



protein AH® (keal /mol) TAS® (keal/mol) AG,® (keal mol™ K') nt (keal mol™" M) AG® g (keal/mol)

a,H 15.87 + 0.57 —469 + 048 022 + 0.02 2.19 + 0.07 2056 + 074
a,Fafd 20.70 + 1.05 —0.13 + 0.90 0.19 + 0.03 6.32 + 028 2083 + 138
a,Fy(6,24) 16.13 + 0.62 —5.86 + 0.52 0.29 + 0.02 2.51 + 0.18 2199 + 081
a,F5(10,20) 14.55 + 0.48 —826 + 0.41 0.37 + 0.02 2.15 + 0.05 2281 + 063
a,Fy(13,17) 12.54 + 0.38 —944 + 032 0.34 + 0.02 2.19 + 0.05 2198 + 050
aythAg 13.17 + 0.28 —12.56 + 0.21 0.56 + 0.02 2.35 + 0.05 2572 + 035
a,Fy(6—13) 19.56 + 0.61 —643 + 0.38 0.53 + 0.03 2.71 + 0.09 2599 + 0.72
a,Fy(17-24) 12.95 + 0.39 —12.02 + 0.28 0.60 + 0.03 2.38 + 0.08 2497 + 047
a,Fa 19.07 + 0.60 —799 + 0.38 0.54 + 0.04 2.29 + 0.09 27.05 + 071
a,Fd 21.37 + 030 —699 + 0.19 0.69 + 0.02 2.68 + 0.04 2836 + 036
a,FatbA,d 12.95 + 0.32 —1746 + 0.27 0.64 + 0.02 2.45 + 0.05 3041 + 041
a,F, 18.30 + 0.28 —1342 + 0.17 0.63 + 0.04 221 + 0.04 3172 + 033

Figure 5: Reprinted with permission from Ref. 29. Copywrite 2012 American Chemical Society.
The calculated thermodynamic parameters for each peptide are presented. Each parameter and
95% confidence interval was computed using the algorithm developed.

Discussion:

The model developed above had generally mild conditions. It required that the peptide
exist in equilibrium between two conformations and that the measured ellipticity be the sum of
the contribution from each component. Because the peptides fold as a-4-helix bundles, the signal
at 222 nm was substantially different and so a precise measure of [U] vs. [F] was possible. In
addition, it required that the dependence of the free energy on the denaturant concentration be
linear (i.e. AG = —m *[GuHCI]) . This is true for most peptides (41, 42). Because the
experiments above were done over such a wide range of temperatures, it could be that the
proportionality constant depends on the temperature. Fortunately assuming m was constant for
each peptide above gave excellent fits, but in general this may not hold. The final major
assumption is that the change in heat capacity upon unfolding, AC,°, was constant. This is also
typically a valid assumption (44). Again, this held for the peptides above as evidenced by the

small errors in the fitting (see Figure 5).
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Notably, the theory above can be easily generalized beyond tetramer folding. If it is
assumed that there are two possible states, a monomer and an n-mer with no intermediates, we

have the following two equations.

= * l] *
0 =20, P + 6 [P (8)
urr aupe
K= = -

The exact same analysis applied to the special case n = 4 can be applied here. Taking the
derivative of K with respect to [U] and observing that it is always positive for 0 < [U] < [P]
proves the existence of an inverse function and so we can find [U] for a given K by calculating
the  unique root of the following polynomial between 0 and [P].
0 =n[U]™ + K[U] — K[P] (10)

Furthermore, Eqgn. 8 can be applied to more than just circular dichroism. Any technique where
the measured value differs between the folded and unfolded proteins and is the sum of only those
two structures is applicable. Measuring absorbance or using a particular NMR peak, for example,
is completely amenable to the procedure above. For large n it becomes less likely that there are
no intermediate species and this must be verified for Eqn. 8 to be valid however.

The fits were all performed with two independent variables, namely temperature and
denaturant concentration. It is entirely possible to do the fitting with just one of the independent
variables. This can require less stringent assumptions. In particular, fitting 6 vs. [GUHCI] at a
constant temperature does not require that m be independent of temperature. However, it
severely limits the number of data points that can be taken. For the peptides used in these

experiments, between 430 and 512 measurements were used in the fitting for each peptide. If we
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were restricted to just one temperature, fewer points would be available and so the error from the
fit would be substantially higher. In other words, fitting the entire surface gives much smaller
errors than just fitting a single curve.

The only remaining concern is a statistical one. Overfitting occurs when regression is
done with more terms than necessary or with more complicated relationships than necessary
(45). In the most general case above 10 different variables are being fitted, so it is a valid
concern that there is so much flexibility in the model that regardless of the quality of the data a
good fit will always be found. This is because the parameters have too much possible variance.
Fortunately, because there were so many data points in each set and the resulting fits had such
small confidence intervals for each parameter, it is likely not an issue here. The base planes
could have been defined to be constants, higher order polynomials, or any function that
empirically gives a good fit. The first was done above for the least stable peptides, while the
second has been done in previous work (41). Because these did not change the more important
thermodynamic parameters by very much, the fits seem very dependent on the thermodynamic
data, which is essential for a strong fit. Furthermore, there is strong theoretical backing for the
model used. Further simplifications would hurt, not help the quality of the fits.

Circular dichroism was used to study the thermodynamics of these peptides quite
deliberately. Differential scanning calorimetry or other arguably more direct techniques were not
used for a number of reasons. The most straightforward reason was convenience. A substantial
amount of CD data was taken for each peptide in a relatively brief amount of time and the
analysis of each data set could be done quickly and automatically using the program developed.
In addition to convenience, the tools developed here can be generalized to monomer to n-mer

folding very easily mathematically and computationally. Plus the experimental protocol used can
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be extended to other tools whose output resembles Eqn. 1, including NMR and many absorbance
studies. The convenience and generality of the approach made it very appealing to attempt to use
here.

The theoretical model described fits the sequence of fluorinated peptides quite well. All
12 peptides in the sequence were well fit by the data and the confidence intervals around each
parameter were quite small. As it was previously known that the peptides fit the required
assumptions, the quality of the fits is not a surprise. The question remains as to how the
thermodynamic parameters of folding were affected by fluorination. The most basic question is
what the enthalpic and entropic contributions are to unfolding at room temperature. These are
plotted in Figure 6. A glance reveals that the enthalpic component does not follow a significant
trend as the free energy of unfolding increases. Thus, it seems that fluorination does not affect

the enthalpy nearly as much as it affects the entropy.
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Figure 6: Reprinted with permission from Ref. 29. Copywrite 2012 American Chemical Society.
For each peptide, the free energy of unfolding at room temperature is given. This is further
broken down into enthalpic and entropic contributions.
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Fluorination appears to affect the entropy of unfolding much more so than the enthalpy,
but this trend can be made more precise. The change in solvent accessible surface area upon
unfolding (AASA) will be used to do just that. It is well established that the change in ASA has a
substantial effect on protein folding (46). If polar side chains are being solvated upon unfolding,
then it should be favorable, while if nonpolar groups are leaving a cavity, it should be
unfavorable. From examining Figure 1, when the tetrameric bundles unfold there is an increase
in the apolar solvent accessible surface area because as the peptides unfold the hydrophobic or
fluorinated residues leave the solvent-excluded cavity and enter the aqueous phase. The AASA
was determined for the above peptides previously (47, 48, 49). Informally, a sphere about the
size of a water molecule is “rolled” over the structures of the folded and denatured peptides and
the total area it can cover is roughly the solvent accessible surface area. The resulting AASA was

then compared with the thermodynamic parameters (see Figure 7 on the following page).
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Figure 7: Reprinted with permission from Ref. 29. Copywrite 2012 American Chemical Society.
The change in apolar surface area upon unfolding was determined for each of the 12 peptides.
These were then compared with the various thermodynamic parameters. The changes in free
energy, entropy, and heat capacity are strongly correlated with AASA, while the enthalpy change
is uncorrelated.

The existence of and lack of correlations illustrated in Figure 7 demonstrate how
fluorination affects these peptides. The plot of AG® vs. ASA was as expected. The greater the
number of hydrophobic residues introduced into an aqueous environment upon unfolding the
harder it will be to denature the peptide, which is confirmed by the strong correlation in Fig. 7A.
Notably the correlation is almost as strong in the plot of AS° vs. ASA in Fig. 7B, while the graph
of AH® vs. ASA in Fig. 7D has nearly no correlation. Thus the changes between the peptides’

stabilities that arise from fluorination are of an entropic nature and not an enthalpic one. The
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entropic contribution to protein folding arises due to the hydrophobic effect (1). In the folded
structure the peptides are very compact and the surrounding water molecules have many possible
states in which to maximize their interactions with one another. Upon unfolding, the peptides
take up more space and the water molecules must reorient themselves to maximize the
interactions with themselves and limit those with the hydrophobic groups. The process is not
dependent on anything other than fluorine’s size.

The lack of a correlation between the enthalpic contribution and the stability of the folded
peptide contrasts with earlier results (50). It has been observed that fluorine interacts favorably
with other groups due to its high electronegativity and small size, positioning itself in
electropositive regions to provide an enthalpic contribution to stability, while moving out of
electron dense areas to minimize unfavorable contacts (50). On that basis, it might be expected to
cause a decrease in stability in the most highly fluorinated peptides, as those would have the
greatest amount of fluorine-fluorine interactions. Instead, there seemed to be no correlation of
fluorination with enthalpy. This seems to imply that fluorine is simply functioning as a
hydrophobic group larger than the hydrogen it replaces. There is no evidence of any “fluorous
effect” or any noncovalent interactions, either favorable or unfavorable, in the packed
hydrophobic core of the peptides.

The final parameter to be examined is the change in heat capacity. The fact that AC,° and
AASA are highly and positively correlated is not surprising (44). The change in heat capacity is
known to be positive for the solvation of hydrophobic residues and negative for hydrophilic
residues (44). As the a4-helix peptides considered have no increased solvated hydrophilic content
but a greater amount of solvated hydrophobic content upon unfolding, this agrees with previous

results and again illustrates how these fluorous residues are hydrophobic in nature.
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Ultimately, in the a4-helix bundles described fluorine’s stabilizing effect arises from it
being slightly bigger than the hydrogen it is being substituted for. As a control, the noncanonical
amino acid B-tert-butylalanine was incorporated into some of the peptides (see Figure 3). That
residue is slightly larger than leucine, but peptides containing it fit the exact same trends as the
fluorinated ones, despite B-tert-butylalanine not containing any fluorine. It seems the AASA is
the correlating factor and not any properties specific to fluorine. Fluorine is often considered to
be isosteric with hydrogen, while in reality it is significantly larger (18, 50). In this case it was
just large enough to increase the AASA without disrupting the packing structure in the
hydrophobic cavity. Using these ideas, fluorine could provide a nice tool in protein design. It can
safely be substituted into proteins for hydrogen in hydrophobic environments to increase the
stability with the caveat that it cannot be too large and cause steric clashes.

The lack of enthalpic changes due to fluorine in these peptides has significant
implications. On one hand it is convenient for the protein designer, as abnormal interactions
involving fluorine do not have to be considered. On the other, fluorine is known to have unusual
properties and there should be some way to utilize them. The obvious question is why we did not
observe any of those effects in the a4-helix peptides considered. The fluorous effect, illustrated
by the three phase solution of hexane, water, and perfluorohexane, occurs when there is a
substantial amount of fluorine in the molecules. The peptides considered may not have had
enough fluorine to generate this effect. If a peptide could be designed that incorporated even
more fluorine, the effect might be more pronounced. The construction of such a peptide has its
difficulties though. It may have to have a larger hydrophobic cavity to accommodate all of the
fluorine atoms, but if it were too large the fluorous effect would be decreased. It is unknown if it

is even possible to get the density of fluorine atoms high enough in the peptide interior to
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actually observe this. Furthermore, it would be challenging to compare it to the nonfluorinated
version, as both size and fluorine content would have to be controlled for. The other effect
discussed above, the Gauche Effect, occurs between fluorine atoms that are three-bond
neighbors. Its exploitation would require a much more detailed view of the protein interior, but it
is plausible that the favorability of the o c.r and oc. interaction leads to alternative packing
features. This was not that the case here, as AASA accounted for the change in stability, but it
could conceivably be incorporated into future designs. Furthermore, as it does not substantially
perturb the structure, fluorine’s place in protein design may be in catalysis. Fluorine is extremely
electronegative and will alter the pK, and chemical reactivity of nearby groups greatly. In the
examples above fluorine’s effect on reactivity could obviously not be considered, but
incorporating it into or nearby the active site of an enzyme could lead to catalytic differences
stemming from its electronegativity.

Speculation aside, the experiments above indicate that the effects of fluorine on stability
are strictly due to fluorine’s size. A series of fluorinated peptide analogs was synthesized and the
thermodynamics of their folding was analyzed using circular dichroism. The peptides were
known to form og4-helix bundles from prior work, and so an algorithm to compute the
thermodynamic parameters was designed. It was formally proven to be numerically exact and so
a MATLAB script was written to perform these calculations. The results indicated that fluorine’s
role in peptide stability is primarily due to its size. The correlations between the change in
solvent accessible surface area and the changes in free energy, entropy, and heat capacity of
unfolding were quite strong, while the lack of a correlation between AASA and the enthalpy
change led to the conclusion that the effects of fluorine on these peptides stem from size alone

and not from any special fluorous interactions. Future work should be performed to determine
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what conditions are necessary, if any, for fluorine to exhibit any of the unusual properties it is
known for in peptides. Furthermore, the fitting algorithm developed is quite general and can be

applied to any n-mer folding that can be modeled with a two-state equilibrium.
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