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ABSTRACT.

This paper examines the influence of acylation of the Lys-e-NH3" groups of bovine
carbonic anhydrase (BCA, E.C. 4.2.1.1) to Lys-e-NHCOR (R = -CH3, -CH,CH3, and
-CH(CHas)s, -CF3) on the rate of denaturation of this protein in buffer containing sodium
dodecyl sulfate (SDS). Analysis of the rates suggested separate effects due to electrostatic
charge and hydrophobic interactions. Rates of denaturation (ka. ) of each series of acylated
derivatives depended on the number of acylations (). Plots of log kac,, vs. n followed U-
shaped curves. Within each series of derivatives, rates of denaturation decreased as n
increased to ~7; this decrease was compatible with increasingly unfavorable electrostatic
interactions between SDS and protein. In this range of », rates of denaturation also depended
on the choice of the acyl group as n increased to ~7, in a manner compatible with favorable
hydrophobic interactions between SDS and the -NHCOR groups. As n increased in the range
7 <n < 14 however, rates of denaturation stayed approximately constant; analysis suggested
these rates were compatible with an increasingly important contribution to denaturation that
depended both on the net negative charge of the protein and on the hydrophobicity of the R
group. The mechanism of denaturation thus seems to change with the extent of acylation of
the protein. For derivatives with the same net electrostatic charge, rates of denaturation
increased with the acyl group (by a factor of ~3 for n ~ 14) in the order CH;CONH-
< CH3;CH,CONH- < (CH3),CHCONH- < CF;CONH-. These results suggested that the
hydrophobicity of CF;CONH- is slightly greater (by a factor of < 2) than that of RuCONH-

similar in surface area.



INTRODUCTION.

This paper describes the rates of denaturation of bovine carbonic anhydrase II (BCA,
E.C. 4.2.1.1) derivatized with fluorocarbon acyl groups (CF;CONH-) and hydrocarbon acyl
groups of similar surface area (RgCONH-; Ry = CH3-, CH3CH,-, or (CH3),CH-) in solutions
containing sodium dodecyl sulfate (SDS). By comparing rates, we address two problems:

1) the mechanism of denaturation of these proteins in SDS; ii) whether the hydrophobicity of
fluorocarbons is distinguishable from that of hydrocarbons in protein chemistry.

Our measure of the influence of CF;CONH- and RyCONH- groups on the properties
(especially stability) of BCA was the rate of denaturation of BCA-[CF;CONH-], and
BCA-[RyCONH-], in solutions of SDS (3.0 mM in Tris-Gly buffer: 25 mM tris-192 mM
glycine, pH = 8.4, 22 °C). Analysis of reaction mixtures of protein and SDS by capillary
electrophoresis (CE) allowed us to measure rates of denaturation conveniently and
simultaneously for all acylated proteins having the same R. This ability to measure the same
reaction occurring with large numbers of different proteins at the same time was essential in
building sets of comparable data for different R. We interpreted the kinetics of denaturation
in terms of increases in the hydrophobicity of the surface of the protein upon acylation, and
concomitant decreases in the number of charged groups (and corresponding increases in the
net negative charge of the protein). Although the mechanism for the denaturation of BCA by
SDS is still not completely understood,'” the kinetics suggested a dependence on the
hydrophobic interactions of the acyl groups, with SDS and with neighboring groups at the
surface of BCA, and a contribution from the net charge of the protein.

For BCA-[CF3CONH-], and BCA-[RyCONH-],, rates of denaturation (log kac.)

followed a U-shaped curve with n. Rates decreased with # in the range 0 - 7 (by factors of



~10 to 30), remained approximately constant with z in the range 7 - 14, and increased as n
increased beyond ~15. A difference between the rates of denaturation for
BCA-[CF;CONH-], and BCA-[RyCONH-], emerged and increased as » increased to ~7.
BCA-[CF3;CONH-], denatured more rapidly than BCA-[RgCONH-], with the same
electrostatic charge (by factors of ~2-3 when n = 14). The rates of denaturation suggested
that the hydrophobicity of CF;CONH- groups is greater than that of RuCONH- groups, and
not determined by surface area alone. According to this method of inferring the
“hydrophobicity” of groups at the surface of a protein — primary amides generated by the
acylation of Lys-e-NH3" groups — CF3- groups are slightly more hydrophobic than Ry- (per
unit surface area). The hydrophobicity of CF;CONH- is still less than that of
CH3(CH;)sCONH- (based on the analysis of BCA-[CH3(CH;,)sCONH-], in a previously
reported study'. The hydrophobicity of CF3CONH- and RyCONH- groups analyzed and
distinguished in this study includes contributions from both the hydrophobicity of CFs3- and
Rp- groups, and the effect of these groups on the non-covalent interactions of the adjacent
-CONH- group.

In the range 7 <n < 14, BCA-[CF;CONH-], denatured more rapidly than
BCA-[RyCONH-],, but the difference in rates of denaturation of BCA-[CF;CONH-], and
of BCA-[RyCONH-], was approximately constant for each R group. This observation
suggested rates of denaturation that are independent of the number of acylations, but still
depend upon whether the protein is derivatized with CF3CONH- or RuCONH- groups. We
addressed this apparent contradiction by analytical modeling of the curves for log kac .. The
kinetics of denaturation suggest a change in the mechanism as the number of acylations

increased beyond ~7 to one in which both the net negative charge of the protein and the



hydrophobicity of the R group contribute to destabilization. Despite the complexity in the
mechanisms of denaturation of BCA, these rates of denaturation suggest that CF;CONH-
groups are slightly but distinguishably more hydrophobic than RzCONH- with similar
surface area; this difference is a composite of the intrinsic hydrophobicity of Ry- and CF3-
groups, and the influence of these groups (we assume through inductive effects) on the

polarity of the directly bonded amide groups.

Physical Properties of Fluorocarbon Groups.
Incorporation of F- or CF3- is an important tool in the design of ligands for

- 610
proteins.

The contact angle of water is greater on surfaces presenting CF3- groups than
that on surfaces presenting CHs- groups (118° and 112°, on self-assembled monolayers of
CF3- or CH;3- terminated alkanethiolates on gold);11 the broad impression is that
fluorocarbons are “more hydrophobic” than hydrocarbons.'*'* Are they more hydrophobic,
and is any difference evident in the context of molecular recognition in biochemistry?
Fluorine substitution has been exploited to influence the solubility, acid-base properties, and
binding affinity of ligands;*'? in addition, fluorine substitution can increase the
bioavailability and metabolic stability of pharmaceuticals.” In the design of proteins, the use
of fluorocarbon groups has been aimed at stabilizing tertiary and quaternary structure,

15-20 .
Previous

directing protein-protein interactions, and modifying protein-lipid interactions.
studies have examined the effect of non-native amino acids (e.g., hexafluoroleucine,
trifluorovaline) on the stability of small proteins and on the assembly of helical peptides into

oligomeric structures, in which CF3- groups are positioned within the hydrophobic

core.'*'7*12¢ Substitution of fluorocarbons for structurally analogous hydrocarbons, in most



cases, increases the resistance of these structures to thermal and chemical denaturation.
Although CF3- groups appear to be more hydrophobic than CH3- groups, it is unclear
whether surface area (which is larger for CF;- than for CH;3-) or some other property
determines the hydrophobicity of fluorocarbon groups. Fluorocarbon groups are less

13,27
“"and are also

polarizable (per unit of molecular volume) than their hydrocarbon analogs,
distinguished from hydrocarbons by the polarity and inductive effect of C-F bonds.'*"* An
understanding of how these properties influence molecular recognition, particularly at the
surfaces of proteins, remains incomplete.

One objective of this paper was to compare the influence of CF;CONH- and
hydrocarbon acyl groups of similar surface area on the properties of a well-understood model
protein. Our underlying question was whether the hydrophobic interactions of CF;CONH-
and RyCONH- groups are determined only by the surface area of these groups, or whether
fluorocarbon groups are more hydrophobic (by some appropriate metric) than hydrocarbon
groups of similar surface area. We addressed this question indirectly by analyzing the
interactions of sodium dodecyl sulfate (SDS) with derivatives of BCA modified with
CF;CONH- or RyCONH- groups, generated by the acylation of Lys-e-NH;"
(BCA-[CF;CONH-],,, with n < 15; BCA-[RgCONH-],,, with n < 17-18).

Hydrophobicity, Evaluated by Partitioning in Water-Octanol (Table 1). Are
fluorocarbons more hydrophobic than hydrocarbons with similar surface area? Hansch
parameters (77) describe substituent effects on the partitioning of R-C¢Hs in water-octanol
mixtures.”® Values of 7 for R-C¢Hs indicate that the hydrophobicity of CF3- (7= 0.88) lies

between that of CH;s- (v = 0.56) and CH3CH,- (v = 1.02), and suggest a correlation between

the hydrophobicity and the solvent-exposed surface areas of these groups.*’



Table 1. Comparison of Properties of Fluorocarbons and Hydrocarbons

Property H F Ref.
Atomic radius (A) 1.20 1.47 12
Covalent bond length, C-X (A) 1.09 1.38 12
Molecular surface area (Az)

CXs-H 46 59 %
CH3CH,-H 64

(CHs),CH-H 80

(CHs),(CH,)s-H 132

g =10g(Pe_ . | Py )

CXgy- 0.56 0.88 12
CoXs- 1.02

CX30- -0.02 1.04

CX3S- 0.61 1.44

CX3CO- 0.02 0.55

CX3CONH- -1.27 0.08

CX3SO,- -1.63 0.55

34
g = log(PR—cozvm:Hz-(:6115 ! Py, )

CXs- -0.2 0.95
CH3CH,- 0.07
(CH3),CH- 0.35
CH3(CH3);CH;- 1.52

Dipole moment, u (Debye)

CF3-X 1.65 0
CF3-CX; 2.32 0
pKa

CX3CO.H 4.8 0.5
CX3CH,NH3" 10.7 5.9
CX3SO,NH, 10.5 5.8
CX3CH,OH 15.9 12.4
ny

n-CsXq2 1.3573 1.2383
¥ (dyn / cm)

n-CgX1sg 21.8 13.6
0 (cal/ cm3)1'2

n-C7X15 7.4 6.0

34

35




Values of 7 also however depend on hydrogen-bonding®®™"'

and potentially include
contributions from the inductive effect of CF3-, through the polarization of groups that accept
or donate hydrogen-bonds. As a result, differences in & between compounds with CFs-
groups and those with CH3- groups depend on the neighboring group, and range from 0.3 to
2.2 for the examples in Table 1.'***  Among the data in Table 1, values of s for
R-CONH-CH,C¢Hs are the most relevant for comparing the hydrophobicity of acyl groups
evaluated in this study. Values of 7z show that CF3CONH- groups are more hydrophobic than
(CH3),CHCONH-, although they have a lower surface area. This example emphasizes the
importance of the neighboring -CONH- group. This order of hydrophobicity might reflect an
intrinsic difference between fluoroalkyl and alkyl groups of the same area. The inductive
effect of CF3- might, however, also contribute to the hydrophobicity of CF;3CONH-, by
weakening the ability of -C(O)- to accept hydrogen-bonds from water (to a greater extent
than increasing the ability of N-H to donate hydrogen-bonds to water).**’

Further discussion of the comparison of the properties in Table 1 is available in the

Supplemental Information.

EXPERIMENTAL DESIGN.

Protein Charge Ladders: Variation of Electrostatic Charge and Surface
Hydrophobicity. Charge ladders of a protein are families of derivatives of that protein,
obtained by sequential acylation of Lys-e-NH;" groups; the derivatives differ in the number
of modifications at the surface and in net electrostatic charge.'”* Since acylation of

Lys-e-NH;" simultaneously eliminates a positively charged group and adds an acyl group to



the surface of proteins, this chemical modification has the potential to perturb both the
electrostatic and hydrophobic interactions of derivatized proteins.

Unacylated BCBA in the native state has a net negative electrostatic charge of ~3.3
units in the buffer solutions we used (25 mM Tris-192 mM Glycine, pH = 8.4).* Acylation
of Lys-e-NH; " groups increases the amount of net negative charge of the protein by ~0.9
units (the amount is less than a full unit due to charge regula‘[ion).38’40 BCA-[CH3CONH-];5

therefore has ~19 units of net negative charge.*'**

Derivatives of BCA with greatest number
of CF;CONH- that we could prepare, BCA-[CF;CONH-];s, have a net negative charge of
~17 units.

Each of the 18 lysine residues of BCA is located at the surface of BCA and is
exposed to solvent. We believe that the acylation of surface-exposed Lys-e-NH;" groups is
largely random, although specific Lys-e-NH; " groups may be especially reactive or
unreactive.” “Rungs” of charge ladders are mixtures of regioisomers that have the same
number of acylations but differ from each other in the sites of acylated Lys residues,
distributed over the surface of the protein.*® The use of charge ladders to analyze the effect
of acylation on the properties of a protein relies on the behavior of mixtures of regioisomers
to reveal the average effect of acylation, taken over all sites of acylated Lys." This approach
requires the approximation that the properties of derivatized proteins depend on n and the
type of acyl group (e.g., CF3CONH- or RuCONH-), but do not depend on which Lys residues
are acylated; we do not consider interactions of the acyl groups that may be specific to the
site of acylation.

We wished to evaluate the contribution of hydrophobic interactions due to

CF3CONH- groups on the surface of a protein in a way that was independent of the influence



of acylation on electrostatic interactions. Our strategy was to compare the properties of
corresponding rungs of the charge ladders BCA-[CF3;CONH-], and BCA-[RyCONH-],. We
assumed that the increase in net negative charge caused by the acylation of Lys-e-NH;"
groups was the same for the formation of CF;3CONH- and RyCONH- groups, and that both
types of acylation were random. We assumed that by comparing BCA-[CF;CONH-], and
BCA-[RyCONH-], having the same charge, we would be able to attribute differences in the
properties of these proteins to the hydrophobic interactions of CF3CONH- and RgCONH- at
the surface of BCA, rather than to electrostatic interactions reflecting the conversion of
-NH;" to RCONH- groups.

The first-order effects of acylation are the elimination of positive charge and the
increase in hydrophobic surface area. Acylation of Lys-e-NH;" also generates an amide.
The properties of BCA-[CF;CONH-], and BCA-[RyCONH-], potentially include
contributions from the hydrogen-bonds of the amides generated by acylation. We expected
the inductive effect of CF3- groups to influence the hydrogen-bonding of -CONH- groups, by
weakening the hydrogen-bonds involving -C(O)- and by strengthening hydrogen-bonds
donated by N-H;* we could not however predict how it would ultimately affect the
properties of derivatives of BCA.** Details concerning hydrogen-bonds at the surface of
BCA or its acylated derivatives, in aqueous solution, are not known (i.e., whether -CONH-
groups are hydrogen-bonded to water molecules or to neighboring groups at the surface of
BCA).*

Selection of RGCONH- Groups. We chose to analyze charge ladders of BCA with
CH;CONH-, CH3CH,CONH-, (CH3)CHCONH- groups for two reasons: i) these groups

have surface areas that are similar to that of the CF;3CONH- group (Table 1); i1) we

10



anticipated that the preparation of approximately complete charge ladders of BCA with these
groups (with n up to 15) to be straightforward since preparation of BCA-[CH3;CONH-];5 is

straightforward.*

Previous Study of the Denaturation of Charge Ladders of BCA by SDS.

Rates of denaturation depend on the electrostatic charge and surface
hydrophobicity of BCA. Gudiksen et al. compared charge ladders of BCA with acetyl and
hexanoyl groups (BCA-[CH3CONH-], and BCA-[CH3(CH;)sCONH-],) to probe the
electrostatic and hydrophobic interactions involved in the denaturation of BCA by SDS.' For
both charge ladders, rates of denaturation in 3.0 mM SDS followed a U-shaped curve with

the number of acylations, n (Figure 1 (A)). The curves drawn in Fig. 1 were obtained by the

fit of AG™=a + bn + cn’ to the data. AG™is the free energy of activation; values for AG™

were determined from the rate constants, &, with the equation k = Aexpio(- AG™/2.3RT) (A4 is

the prefactor in transition state theory; a value of ~10° s™ was used for 4, an empirical
estimate calculated for the folding of a small protein, cytochrome C).*’

In Gudiksen’s study, the values of the coefficient b quantified the difference in the
hydrophobic interactions of hexanoyl groups and acetyl groups; the values for a
characterized AG™ for unacylated BCA, and the values for ¢ suggested electrostatic
interactions that did not depend on the choice of the acyl group. For a variety of reasons that
emerge upon examination of a broader range of acyl groups (see Results and Discussion), we
now infer that CH;CONH- and CH3(CH;)4CONH- are both atypical, and use an analysis of
the data based on k = k(n) + ka(n), where k; and k, are the rate constants for competing

mechanisms of denaturation.

11



Figure 1. (A) Pseudo-first-order rate constants of denaturation for BCA-[CH3;CONH-], and
BCA-[CH;3(CH,);CONH-],, previously reported by Gudiksen et al..! Charge ladders were
denatured in solutions of 3.0 mM SDS in 25 mM Tris-192 mM Gly, pH = 8.4. Kinetics were
determined by analyzing the decrease in folded protein in each rung, using the same

experimental procedures used in this paper. Curves were obtained by fitting points to the

equation AG"=a +bn + cn®; Ref.' derives a model to justify the equation and interpret the

curves. (B) Differences in AG,:" between derivatives with CH;CONH- and

CH;(CH,)4CONH- groups for each rung. A line with slope 0.17 kcal mol™ per group fits the

points (#* = 0.97 ). Reproduced with permission from Biophysical Journal.
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Figure 1.
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Electrostatic Interactions. The study by Gudiksen proposed two types of
electrostatic interactions that contribute to the denaturation of BCA: (i) intermolecular
electrostatic repulsion between SDS and BCA — responsible for the decrease in rates for # in
the range 0 - 8; (ii) intramolecular repulsion between negatively charged groups on BCA —
responsible for the destabilization of folded BCA and increase the rates for n > 9 (for
hexanoyl) or n > 12 (for acetyl).

Measuring the Contribution of Hydrophobic Interactions. Denaturation was
more rapid for BCA-[CH;3(CH;)4sCONH-], than for BCA-[CH3;CONH-],, and suggested a

contribution from hydrophobic interactions over the entire range of n (0 -17). The quantity

AGE{;(C&»m - AGC";,M , plotted in Figure 1 (B), is the difference in the free energy of

activation for derivatives with the same electrostatic charge; the values measure the
difference in the hydrophobic interactions between hexanoyl and acetyl groups involved in

the rate-limiting step of denaturation. In this analysis, the dependence of

AGE{;(C&»m - AGC";,M on n was approximately linear, and suggested that adding

hydrophobic groups to the surface of BCA decreased the kinetic stability of BCA by ~0.20
kcal mol” nm™. While the mechanism of denaturation of BCA by SDS remains unknown,
these results suggested that the acyl groups at the surface of derivatives of BCA contribute to
the rate-determining step of denaturation, through hydrophobic interactions with SDS and

with nearby groups at the surface of BCA.

Capillary Electrophoresis.
We analyzed charge ladders of BCA by resolving them on the basis of electrophoretic

mobility uac,. In Equation 1, uac, is expressed as a function of the electrostatic charge of

14



native BCA (Z,; ~ -3.3 in Tris-Gly buffer, pH = 8.4)39, the molecular weight of BCA (Mpca),
the number of acylations (n), the change in electrostatic charge caused by the acylation of
each Lys-e-NH;" group (AZ: ~ 0.9)***, and the molecular weight of the acyl group (Mac).
The shape of the protein and other factors that relate the molecular weight to a hydrodynamic
radius determine the value of a (often approximated as 2/3 for globular proteins); C, is a

constant.

Z,+nAZ
AuAc,n = Cp o
(Mgep +n-M,,)

(D

Peaks in CE represent derivatives having the same net electrostatic charge (“rungs”)
and allow us to know the number of acylations. Rungs observed in CE are mixtures of
regioisomers having the same number of surface modifications. We expected, and found,
values of uac, to be insensitive to the type of acyl group because Ma. is less than 0.3% of
Mgca, and AZ ~ -0.9 for each acyl group used in this paper.*®

CE is able to resolve folded protein in charge ladders (4 - 18 cm® kV™' min™) from
complexes of denatured protein and SDS (~ 21 cm® kV™' min™'; u is approximately the same

for all derivatives in the denatured state). Absorbance at 214 nm detects BCA in both its

folded and denatured forms, and is insensitive to SDS, which is transparent at 214 nm.

Procedure for Analyzing the Kinetics of Denaturation of BCA-[CF;CONH-|, and
BCA-[RgCONH-],..

Tris-Gly Buffer with 3.0 mM SDS. We denatured BCA-[CF;CONH-], and
BCA-[RyCONH-], in solutions of 3.0 mM SDS in Tris-Gly buffer (25 mM Tris-192 mM
glycine, pH = 8.4).”' We chose the concentration 3.0 mM for two reasons: (i) Denaturation

in 3.0 mM SDS was slow (reactions take place over ~2 - 50 hours), and allowed us to

15



measure the kinetics of denaturation by analyzing reaction mixtures by CE (20 minutes per
run); (ii) A concentration of SDS below the critical micellar concentration (cmc) avoided
complications involving micelles (the cmc is ~ 4.0 mM in Tris-Gly buffer).'

Addition of SDS by Dialysis. In order to maintain an approximately constant
concentration of 3.0 mM for free SDS (i.e., SDS that is not associated to protein) over the
course of the reaction, we dialyzed samples of protein against solutions of SDS."* This
procedure resulted in the denaturation of BCA-[CF3;CONH-], and BCA-[CH3;CONH-], with
pseudo-first-order kinetics. By analyzing the decrease in the areas of peaks for folded
BCA-[CF;CONH-], and BCA-[RyCONH-], in CE data, we determined pseudo-first-order
rate constants for denaturation (kac.).

Analysis of the Denaturation of Charge Ladders in Parallel. Each experiment
consisted of analyzing the denaturation of two charge ladders — that of BCA-[CF;CONH-],
and BCA-[RyCONH-], — in parallel. Analysis of samples in parallel was essential for
distinguishing the rates of denaturation of BCA-[CF;CONH-], and BCA-[RyCONH-],.
Since rates of denaturation are sensitive to the concentration of SDS (the rate of denaturation
of BCA increases by ~10* in the range of 2.5 - 4.0 mM SDS),* the experimental error in
preparing reservoirs of 3.0 mM SDS contributed to the uncertainty in the rates. This source
of experimental uncertainty was eliminated by comparing the rates of denaturation of
BCA-[CF3;CONH-], and BCA-[RyCONH-], measured by denaturing both samples in the

same reservoir of SDS, and analyzing them in parallel.

RESULTS & DISCUSSION.

16



Synthesis of Charge Ladders of BCA.

Derivatization of BCA with CF;CONH- Groups. We surveyed several CF;CO-L
(where L is a leaving group) for the generation of BCA-[CF;CONH-], in aqueous buffer (see
Supplemental Information for details). Acylation of Lys-e-NH;" groups with
S-(2-mercapto-N-methylacetamide)thiotrifluoroacetate (1) in solutions of 0.2 M sodium

borate (pH = 10.0) produced the best results: charge ladders containing derivatives having up

to 15 CF;CONH- groups.

We used 1, in amounts corresponding to 40 - 250 equivalents per lysine residue, to prepare
several mixtures of BCA-[CF;CONH-],. Combining these mixtures, each consisting of a
distribution in n, resulted in a nearly complete charge ladder of BCA-[CF3;CONH-],..
Analysis by CE resolved the charge ladder into rungs on the basis of uac, (top trace in Figure
2).

Efforts to generate derivatives with more than 15 CF3CONH- groups, and ultimately
peracylated derivatives, were unsuccessful. The yield of reactions with 1 (and other
CF3;CO-L with BCA) was poor compared to that of reactions with other acetylating agents;
BCA-[CH3;CONH-];3, for example, can be prepared in ~90% yield by reaction of BCA with
20 equivalents of acetic anhydride. The solubility of 1 (20-50 mgs per mL), and the buffer
capacity of the solution, limited the concentrations of 1 we could use. Reactions of

Figure 2. Charge ladders of BCA with CF;CONH- and RuCONH- groups. Charge

17



ladders were obtained by combining several reaction mixtures that varied in the extent of
acylation of BCA; proteins were purified from hydrolysis products and reaction buffer by gel
filtration chromatography. Samples for CE consisted of charge ladders (100 uM in BCA
over all rungs) in Tris-Gly buffer (25 mM tris-192 mM glycine, pH = 8.4);
N,N-dimethylformamide (DMF; 1 mM) was added to serve as a neutral marker for electro-
osmotic flow. Analysis by CE (30 kV) used bare, fused-silica capillaries (107 cm in length,

100 cm between inlet and detector) and Tris-Gly running buffer.

n=0 5 10 1518
0.05 - DMF [T T T TTTTTTITTTTI[T
S CFsCONH—
@©
g 0.03 1
s
& CH3CONH—
% 0.02 1
‘?3) CH,CH,CONH-
8 001+
(CH,),CHCONH-
0.00
L AL L LA L

T TrT T T T T Tt T T T T
2 0 2 4 6 8 10 12 14 16 18 20 22 24
mobility / cnf kV' min”
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BCA-[CF3;CONH-], with a second batch of 1 in fresh buffer resulted in mixtures of proteins
that could not resolved by CE (broad peak at ~13 cm” kV"' min™) and were probably
substantially denatured (CE data available in the Supplemental Information). These proteins
did not associate with dansyl amide (DNSA), an arylsulfonamide inhibitor of BCA; analysis
by size-exclusion chromatography showed a retention time corresponding to a molecular
weight greater than that of monomeric BCA. These observations suggested that
derivatization with more than 15 CF;CONH- groups results in denaturation, and probably
aggregation, of BCA.

Derivatization of BCA with RgCONH- Groups. Reactions of BCA with the
N-hydroxy-succinimidyl esters of acetate, propanoate, and 2-methyl-2-propanoate in buffered
solutions (pH = 9.0, 0.1 M HEPBS) generated mixtures of BCA-[CH;CONH-],,
BCA-[CH3CH,CONH-],, and BCA-[(CH3),CHCONH-],, respectively. Analysis of charge
ladders by CE showed derivatives having up to 17-18 acylations (Figure 2). Variation in
quantities across rungs in ladders has no significance and is solely an artifact of preparing
ladders by mixing several batches of BCA-[RyCONH-],. A complete charge ladder for
BCA-[CH3;CONH-], was prepared by adding BCA-[CH3CONH-];3 (prepared separately) and
adding it to a charge ladder withn =0 - 17.4 Charge ladders for BCA-[CH3CH,CONH-],,,
and BCA-[(CH3),CHCONH-], contained derivatives with n = 0 - 17; we did not attempt to
prepare samples of BCA peracylated in these groups.

Derivatives of BCA with CF;CONH- or RgCONH- groups were folded and
monomeric.” Proteins comprising the charge ladders bound DNSA with the same
stoichiometry as native BCA (determined by fluorescence of DNSA in solutions containing

0.2 uM BCA).** We inferred that BCA-[CF;CONH-], and BCA-[RgCONH-], bind Zn*" in
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the active site and have the same tertiary structure as unmodified BCA, since both properties

are required for the binding arylsulfonamide inhibitors.>*

Denaturation of BCA-[CF;CONH-], and BCA-[RgCONH-], in 3.0 mM SDS.

Analysis of Mixtures by CE. We analyzed the denaturation of BCA-[CF;CONH-],
and BCA-[RyCONH-], in parallel. In each experiment, we loaded two samples —
BCA-[CF3CONH-], and either BCA-[CH3CONH-],,, BCA-[CH3;CH,CONH-],, or
BCA-[(CH3),CHCONH-], — into dialysis cassettes (10 kDa molecular weight cutoff).
Denaturation by SDS was initiated by placing the samples (1.0 mL, 60 uM in protein) into
reservoirs of 3.0 mM SDS in Tris-Gly buffer (2.0 L, 22 °C). We monitored the denaturation
of charge ladders by removing aliquots (100 uLs) from the dialysis cassettes and analyzing
them by CE, at time points up to 30 - 150 hours. Samples were analyzed by CE using
running buffer (Tris-Gly) containing 3.0 mM SDS. Injections in CE experiments consumed
~10 nLs of sample; aliquots were returned to the dialysis cassette after sampling, and were
out of the reservoir of 3.0 mM SDS for less than five minutes. Figure 3 shows a set of
electropherograms taken from a representative run analyzing the denaturation of
BCA-[CF;CONH-], and BCA-[(CH3),CHCONH-],, chosen from four repetitions of the
experiment. Data for the analysis of BCA-[CH3CONH-], and BCA-[CH3;CH,CONH-], is
available in the Supplemental Information.

Folded derivatives of BCA separated into rungs (4 - 18 cm”> kV™' min™) in CE;
complexes of denatured protein with SDS appeared as a single, broad peak at higher mobility
(~ 21 cm® kV"' min™), reflecting an increase in negative charge caused by the association of a

5,55
S.”

large number of equivalents of SD The number of equivalents of SDS is probably close
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Figure 3. Denaturation of BCA-[CF;CONH-|, and BCA-[(CH3);CHCONH-], in 3.0
mM SDS. Aliquots from reaction mixtures were analyzed by CE (30 kV) using capillaries
(107 cm in length, 100 cm between inlet and detector) filled with Tris-Gly buffer and 3.0
mM SDS. To serve as an internal standard and report on the electro-osmotic flow, DMF

(1 mM) was added to the aliquots prior to injection. Absorbance at 214 nm detected
derivatives of BCA in the folded state and in complexes with SDS. Prior to the addition of
SDS, charge ladders were analyzed by CE in running buffer without SDS (electropherograms
at the bottom of each set, labeled with “0.0 hrs”). Mobilities were slightly higher in buffer
without SDS than in buffer with 3.0 mM SDS. The shift to lower values of mobility in
solutions of SDS was consistent with screening of the charge of proteins by SDS; addition of

3.0 mM SDS increased the ionic strength of the buffer from ~8.3 to ~11.3 mM.
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A B
BCA{CF,CONH],  denatured BCA-{(CH,),CHCONH{,  denatured
BCA BCA
n0 5 10 15 n=0 5 10 15
DMF [TTTTTTTTTTTm [

pvE  TTTTTTTTTTITT f

time (hrs)

time (hrs)

433
296
240
194
134
10.6
85
6.3
53
42
3.0
20

absorbance (214 nm) / au

0.8

0.0

Trrrrrrrrrrrrrrrrrrror Tl T T Trrrrrrrrrrrrrror Tl
2 0 2 4 6 8 10 12 14 16 18 20 22 24 2 0 2 6 8 10 12 14 16 18 20 22 24
mobility / e V' min” mobility / cnf kv min™

g

22



to ~150, based on the broadly observed stoichiometry of 1.4 g of SDS per 1 g of protein for
complexes prepared for analysis by SDS-PAGE (polyacrylamide gel electrophoresis).” All
derivatives of BCA denatured in 3.0 mM SDS, over periods of time spanning ~2 - 100 hours.

Measurement of the Rates of Denaturation. The decrease in the areas of peaks for
folded protein allowed us to measure the rates of denaturation for BCA-[CF;CONH-], and
BCA-[RyCONH-],. The Supplemental Information contains a discussion of the quantitative
treatment of electropherograms, including procedures to account for differences in the
amount of time spent at the UV-detector and decreases in the concentration of protein
inreaction mixtures over time (< 10% over 72 hours).”® Figure 4 shows the analysis of the
decrease in folded BCA-[CF;CONH-], and BCA-[(CH3),CHCONH-], over time. The points
represent the amount of folded protein in each rung, expressed as a fraction of the amount of
folded protein before the addition of SDS. Lines were obtained by fitting a single-
exponential decay to the points. Of the three BCA-[RgCONH-], tested,
BCA-[(CH3),CHCONH-], denatured at rates that were closest to those of
BCA-[CF;CONH-],. Data for the denaturation of the other charge ladders is available in the
Supplemental Information.

Although the denaturation of 60 uM BCA corresponds to the binding of an amount of
SDS that exceeds the amount of SDS in a reaction mixture of 3.0 mM SDS, the addition of
SDS to the reaction mixture by dialysis maintained an approximately constant concentration
of SDS (3.0 mM). This protocol, and the reasonable fit of a single-exponential decay to the
points (+* > 0.9 for the fit to data covering ~3 half-lives), allowed us to interpret the data
using pseudo first-order kinetics and to estimate the rate constants of denaturation for each

rung, kAc, ne
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Figure 4. Rates of Denaturation Determined by the Decrease in Areas of Peaks for
Folded Protein. Points show the amount of folded protein in rungs for

(A) BCA-[CF;CONH-], and (B) BCA-[(CH3),CHCONH-],,, determined from areas of peaks
observed in CE; the amount of folded protein is expressed as a fraction of the initial amount
of folded protein (i.e., prior to the addition of SDS). Plots show data forn =1, 4, 7, 10, and
13 for visual clarity. Data are from one of four repetitions of the experiment; we do not show
experimental uncertainties because the times at which reaction mixtures were analyzed

varied across repetitions. Lines fitting the points represent single-exponential decay, and
were obtained by fitting the equation 2.3RT log(él,AO_1 )= —k-t, where 4, and A are the areas

of peaks at times ¢ and zero hours after the addition of SDS; £ is the pseudo-first-order rate

constant (R is the Boltzmann constant and 7 is the temperature).
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Kinetics of Denaturation of BCA-[CF;CONH-],, and BCA-|[RyCONH-],.

The plots in Figure 5 show the rate constants of denaturation (ka.,) for
BCA-[CF;CONH-], and BCA-[RyCONH-],. For each charge ladder, the rate constants
traced U-shaped curves similar to those observed in the analysis of BCA-[CH3;CONH-],, and
BCA-[CH;3(CH3)4CONH-], by Gudiksen et.al..! Within a series of acylated derivatives of
BCA, rate constants varied by factors of 10 - 30 as » increased to ~15. These data confirmed
that the modification of BCA, by acylation of Lys-e-NH;" groups, caused systematic
variation in the rates of denaturation of acylated derivatives of BCA by SDS. Acylation
simultaneously increased the net electrostatic charge and the hydrophobicity of the surface of
BCA; the dependence of kac, on n thus characterized the perturbation of both electrostatic
and hydrophobic interactions involved in the interaction of BCA with SDS. We developed a
model to interpret the shape of the curves for ka., in terms of these interactions (discussed
briefly in a later section). The mathematical model and fitting procedure are provided in
detail in the Supporting Information; we were primarily interested in using the data for kac

in Fig. 5 to distinguish the hydrophobicity of CF3CONH- and RuCONH- groups.

Distinguishing the Hydrophobicity of CF3CONH- and RuCONH-.
To evaluate the difference in hydrophobicity between CF;CONH- and RyCONH-

groups at the surface of BCA, we compared the rates of denaturation of derivatives with the

same number of acylations. The quantity AG}?: - AG;"F} , calculated using the rate constants

of denaturation k. ,and k, , is the difference in the free energy of activation for the

denaturation of BCA-[RyCONH-], and BCA-[CF;CONH-], (Eq. 2).
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Figure 5. Kinetics of Denaturation of BCA-[CF;CONH-], and BCA-[RgCONH-],. In

each plot, points are average values of the pseudo-first-order rate constant, kac,. In (A), error

bars represent the standard deviation for k., , measured in twelve repetitions. In (B) - (D),

the error bars span minimum and maximum values of k,  measured in four repetitions.

Solid curved lines were obtained by the fit of Eq. S1 (Supplemental Information) to the
points, with the adjustable parameters ki 0, k20, 44G™, AAG)". Fits were generally good in
the range of 0 <n < 14. The curves consist of contributions from k; , (dashed line) and &, ,

(dotted line). Values of 44G™, AAG.™ are in units of kcal mol™ per group; slopes of the

lines for log ki , and log k»,, represent the quantities - A4G™/ 2.3RT and - AAG,"/ 2.3RT,
and are unitless. The y-axis to the right of the plots is a scale for the free energy of activation

(AG™) and was approximated by the same method used in Figure 1.
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AGy, ~AGE, =23RTlog| - < 2)

Ry ,n
Since AG}?I1 — AG;"F} describes the difference in rate between proteins with the same net

electrostatic charge, values of AG}?I1 — AG;"F} are useful for comparing the hydrophobic
interactions of BCA-[CF3;CONH-], and BCA-[RgCONH-],, in a way that is independent
of the influence of acylation on electrostatic interactions. Figure 6 shows values of

AG}?I1 - AG;"F} determined from the rates of denaturation of BCA-[CF;CONH-], and
BCA-[RyCONH-], measured for samples analyzed in parallel (for Ry = CH3-, CH3CH,-, or
(CH3)2CH-). For the comparison of BCA-[CF3;CONH-], with BCA-[CH3(CH;)sCONH-],,

we calculated AG}?I1 - AG;"F} using data from separate sets of experiments, by adding

AGE, e~ MG, (taken from the analysis in Ref.') to AGf, - AGF). , (determined

from experiments for this paper); error bars are larger than those in the other sets of data
because they include propagation of error over the two sets of experiments.

BCA-[CF3;CONH-], denatured more rapidly than each of the BCA-[RyCONH-],
analyzed in this study (Ry = CH3-, CH;CH,-, or (CH;),CH-). Values of AG}?I1 - AG;"F}
reached 0.4 - 0.6 kcal mol™ for derivatives with n ~ 14, corresponding to rates of
denaturation that were greater for derivatives with CF3CONH- groups than those for
derivatives with RuCONH- groups, by factors of 2 - 3. The increase in AG}?I1 - AG;"F} with n
at low levels of acylation (n < 7) described the increasing influence of hydrophobic

interactions on the rate of denaturation, as the surface of BCA was made increasingly

hydrophobic by sequential acylation. For derivatives with n > 7 however, further changes in

AGR - AG(;, with increasing n were small; values of AGy —AG;, were approximately
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Figure 6. Difference in the Rates of Denaturation of Derivatives of BCA with the Same
Electrostatic Charge. Values of AG;  -AG;. ,were determined from k. , and k, |,
measured in parallel in each repetition of the denaturation of BCA-[CF;CONH-], and
BCA-[RyCONH-], in parallel. Each set of data is shown with floating y-axis; the dashed
lines represent a value of 0.0 kcal mol™. Points are average values, and error bars reach
minimum and maximum values found in four repetitions. Dotted lines were obtained by
least-squares fit to the data in selected ranges. Lines for “low” numbers of acylation used
data with 0 <n <8 (Ry = CH3-) or 0 <n <7 (Rg = CH3CH;- or (CH3),CH-), while lines for
“moderate” levels of acylation used data with 8§ <n <14 (Rg=CHs-)or7<n<14

(Ry = CH3CH,- or (CH3),CH-). Values of AGy —AG;, were not be obtained for n > 15

because BCA-[CF3;CONH-], with n > 15 could not be prepared. Values of slope for

CF;CONH- are (0.0) by the definition of AGy' ,-AGf;, .
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constant for n > 7 in the comparison of BCA-[CF3;CONH-], with BCA-[CH3CH,CONH-], or

BCA-[(CH3),CHCONH-],.. The fit of lines to data in separate ranges of n distinguished the

trends in AGy' —AGg: at “low” (0 < n<7-8) and “moderate” (7-8 < n < 14) numbers of

acylations; the slopes of the lines decreased by factors > 5 (dotted lines in Figure 6).

We drew two conclusions from the results in Figure 6. (i) CF3CONH- groups are
“more hydrophobic™ (by 0.05- 0.07 kcal mol™ per group) than RyCONH- groups with the
same surface area (i.e., Ry = CH3CHaz- or (CH3)>CH-). The hydrophobicity of CF;CONH-
groups is not determined by molecular surface area alone, and is thus distinguished from that
of RuCONH- groups by some other property of CFs- groups. (We discuss the possibility that
the inductive effect of CF3- on the hydrogen-bonding of -CONH- contributes to
hydrophobicity in a later section). The difference in hydrophobicity between CF;CONH-
and RyCONH- groups is not large however; CF3CONH- groups are still less hydrophobic
than CH3(CH;)sCONH- groups. (ii) The factors that determine the rates of denaturation
change as the number of acylations increases beyond n ~ 7. For n =7 - 14, there is little
change in the rate of denaturation for CF3CONH-and all of the RuCONH- groups

(CH3(CH2)4CONH- is less well-behaved than the others) as RuCONH- groups are added.

Interpretation of Rates in Terms of Hydrophobicities of the Acyl Groups.

The interpretation of the kinetic data in Figures 5 and 6 suggest there are three kinetic
regimes. Identifying and characterizing these regimes is straightforward, although full
interpretation of them is complicated. Fortunately, in order to interpret these data in terms of
the relative hydrophobicity of the acylating groups used, a full mechanistic interpretation is

not necessary.
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i) Denaturation Slowed by Acylation: Repulsion of SDS (n = 0 - 8). In this region,
increasing the extent of acylation decreases the rate of denaturation. The data are compatible
with the hypothesis that this regime is dominated by the net charge on the protein (or by the
number of NH;" groups), but that the trends with # describing these changes are slightly
modified by the hydrophobicity of the acyl groups. A plausible mechanistic interpretation is
that acylation of Lys-e-NH;" decreases the equilibrium association of an equivalent of SDS,
but that increasingly hydrophobic Ry groups result in a smaller decrease in association.
Thus, acylation (making the protein more negatively charged or eliminating positive charges;
the data can not distinguish) decreases the association of SDS with the protein; increasing the
hydrophobicity of the acyl groups makes the association of SDS less unfavorable (or, relative
to other rungs of the charge ladder, more favorable). The influence of hydrophobicity of the
RCONH- group (relative to the case R = CF;) increases in the order (cal mol™ per group): R
= CH; (AAGy = 65), CH3CH; (AAGH = 57), (CH3),CH (AAGH = 54), CF3; (AAGy = 0), and
CH3(CHz)4 (AAGy = -132 ). (Note that these numbers are in cal, not kcal!). Thus, by this
ranking, CF; lies in between (CH3),CH and CH3(CHa)a4, although closer to the former. We
analyze this order in more detail below.

ii) Denaturation Independent of Electrostatics; Very Weakly Dependent on
Hydrophobicity (n =9 - 14). In this regime, Figures 4 and 5 suggest that the mechanism of
unfolding changes to one in which the extent of acetylation is relatively unimportant
(although there is a similar trend with hydrophobicity), where contributions from relative
hydrophobicity are a factor of ~10 smaller than in Regime 1.

iii) Denaturation Strongly Promoted by Acylation (n > 14). In this regime,

acylation accelerates unfolding and suggests that a separate process takes over denaturation.
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Data for derivatives with RuCONH- groups show this trend clearly; data for BCA-
[CF3CONH-], in this regime are incomplete. These data are compatible with the hypothesis
that electrostatic repulsions between groups on derivatives of BCA with large amounts of net
negative charge (> 17 units) destabilize the native structure of BCA. In this regime, these
intramolecular interactions may be more important to the kinetics of denaturation than the
association of BCA and SDS. We have not analyzed this regime further; the available data
do not allow us to draw conclusions about contributions from the hydrophobicity of the acyl
groups.

The relative hydrophobicity of CFzCONH- groups cannot be explained by
molecular surface area alone. The rates of denaturation of BCA-[CF;CONH-], and
BCA-[RyCONH-], suggest that the hydrophobicity of CF;CONH- is greater than that
expected on the basis of surface area alone: That is, the fluorocarbon is slightly more
hydrophobic than the corresponding hydrocarbon of the same solvent-accessible surface area.

To support the hypothesis that BCA-[CF;CONH-], denatures more rapidly than
BCA-[RyCONH-], as a result of the hydrophobic interactions of CFzCONH- and RgCONH-
groups at the surface of BCA, we measured the effect of CF;3CONH- and RuCONH- groups
on the water-octanol partitioning of a model compound. We chose to analyze the
partitioning of CF;CONH-CH,C¢Hs and RuCONH-CH,CgHs for three reasons: i) These
compounds contain the same functional group (primary amide) used to modify BCA and are
thus good models for CF;3CONH- and RyCONH- of acylated Lys residues at the surface of
BCA. Water-octanol partitioning of these compounds should also include potential
contributions from the inductive effect of CF3- and Ry- on hydrogen-bonds involving -

CONH- groups. i1) These compounds are easy to synthesize; iii) Analysis of the water-
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octanol partitioning of these compounds is convenient. Values of ;7 measured for
CF3CONH-CH,CgHs and RgCONH-CH,C¢Hs are in Table 1 (experimental procedures for
the synthesis of compounds and analysis of water-octanol partitioning are in the

Supplemental Information).
Figure 7 (A) shows values of 44G™and AAG." (slopes of the lines for log ki, and

log k>, in Figure 5, multiplied by the factor -2.3R7) plotted against values of sz. This plot
correlates the measurements of the hydrophobicity of CF3CONH- and RgCONH- from two
methods: (i) analysis of the rates of denaturation of BCA (a model protein), derivatized at the
surface by these groups, in solutions of SDS; (ii) analysis of the influence of these groups on

water-octanol partitioning. The plot shows qualitative agreement between these methods —
the order in hydrophobicity is the same for 44G™, AAG,", and & — and supports the

conclusion that CF3CONH- groups at the surface of BCA are more hydrophobic than
hydrocarbon acyl groups with similar surface area. Water-octanol partitioning provides only
a crude model for the interactions of CF3CONH- and RgCONH- groups in the denaturation
of BCA; as a result, we do not draw quantitative conclusions from this correlation.

The plot in Figure 7 (B) shows the relationship between molecular surface area and &
for CF;CONH- and RyCONH- groups. The points for the hydrocarbon acyl groups
(RgCONH- and CH3(CH;)sCONH-) show a good correlation of surface area with
hydrophobicity. The partitioning of CF3CONH-CH,CsHs shows that CF3CONH- groups are
more hydrophobic (by ~1 log unit) than hydrocarbon acyl groups of similar surface area.
The underlying reason for the hydrophobicity of CF3CONH- groups is not clear and not
entirely resolved by these data; it may involve both the low polarizability of the CFs- group

and the influence of CF;- on the properties of the adjacent amide group.
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Figure 7. Influence of CF;CONH- and RgCONH- on the Denaturation of BCA and on
the Water-Octanol Partitioning of X-CONH-CH,C¢Hs. (A) Values of 44G™and A4G]",
obtained in the analysis of Figure 5, plotted against & for CF;CONH-CH,C¢Hs and
RuCONH-CH,Cg¢Hs. The plot uses a floating y-axis in order to show points for

A4G"and 44G)" on the same scale (values for 44G"decrease from +0.31 to +0.21 kcal

mol™ per group; values for A4G." decrease from 0.00 to -0.08 kcal mol™ per group).
Vertical error bars show standard errors in the fitting parameters determined in Figure 5, and
the horizontal error bars show the minimum and maximum values of it from three
measurements. Dashed and dotted lines were obtained by fitting to the points for Me-, Et-,
and iPr-, but not CF3-. (B) Relationship between values of molecular surface area and & for

of CF3-, Ryg-, and CH3(CH;)4CONH- groups.
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CONCLUSIONS.

“Hydrophobicity” is Defined only Qualitatively by These Experiments. The
system that we describe has strengths and weaknesses. Its two strengths: 1) It examines the
concept of hydrophobicity (or, perhaps, more exactly, “effective hydrophobicity of the
RCONH- group”) in the context of a process that involves protein, in a typical aqueous
buffer; it thus measures “hydrophobicity” empirically (defined in our experiments as the
propensity to promote the association of SDS to a model protein), but in a way relevant to the
influence of perflurocarbons on molecular recognition in biology. ii) It generates large
numbers of directly comparable data taken from parallel analysis of many rungs of protein
charge ladders, and thus gives meaningful quantitative estimates for small effects. ii1) By
comparing charge ladders, it separates electrostatic and hydrophobic contributions to the
denaturation of BCA and derivatives in SDS. It also has three weaknesses. 1) the
denaturation of BCA in SDS is clearly a very complicated process, which is apparently
different for members of a charge ladder as the number of acylations increases. The
mechanisms for denaturation are suggested by these data, but important details remain
unproven. ii) It is plausible, but unproven, that the effects attributed to hydrophobicity of the
acyl groups are caused by the association of the hydrocarbon chains of SDS with the surface
of the protein. iii) It does not distinguish changes that result from increasing the area and
atoms (H vs. F) exposed on the surface of the R, from changes in the amide group of
RCONH-, or from differences in polarizability between H and F. In the discussion that
follows, we use the word “hydrophobicity” to mean the effective hydrophobicity of the

RCONH- group, not of the R group alone.
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CF;CONH- groups are slightly more hydrophobic than RHCONH- groups of
similar surface area. The CF;CONH- group has a larger wetted surface area than the
CH3;CONH- group; we thus expected the CF3CONH- group to be more hydrophobic than the
CH3;CONH- group, even if the intrinsic hydrophobicity per unit surface area were the same.
Using the rates of denaturation of acylated derivatives of BCA by SDS, affected in part by
the hydrophobic interactions of SDS with the acyl groups at the surface of proteins (for
n < 7), we infer that CF3CONH- are more hydrophobic (by a factor < 2) than
CH;CH,CONH- and (CH3)CHCONH- — hydrocarbon acyl groups of similar surface area.

The “hydrophobicity” of CF;CONH- groups is not determined by non-polar
surface area alone. Our understanding of why BCA-[CF3;CONH-], denatures more rapidly
than BCA-[RyCONH-], in solutions of SDS remains incomplete. We can however conclude
that the influence of CF3- groups, in the context of primary amides (CF;CONH-), is very
similar to, but still distinguishable from, that of Ry- groups (on an area-corrected basis) by
some factor other than non-polar surface area. We suspect that the CFs- group influences the
polarity and interactions of the -CONH- group to which it is connected by inductive (or some
other) effects, and thus contributes to the overall “hydrophobicity” of the CFzCONH- group.
That is, the interactions of CX;- and of CX3CONH- (X = H, F) respond slightly differently
upon exchange of H by F, even after correction for area.

The hypothesis that the inductive effect of -CF,- and CF3- groups can influence non-
covalent interactions, and molecular recognition, of -CONH- is also supported by the
analysis of the association of fluorocarbon-substituted benzenesulfonamide inhibitors with
BCA.”" Inhibitors containing F(CF,),CH,-CONH- “tails” (-CH,- spacer screening the amide

from fluorocarbon) showed affinities for BCA that were within 0.4 kcal mol of inhibitors
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with H(CH,),CH,-CONH- with similar surface area. Inhibitors containing the linkage
F(CF,),-CONH- however showed greater affinity for BCA than expected based on surface
area alone (by ~1 kcal mol™). This result suggested that in the absence of a -CH,- spacer,
F(CF,),- groups may influence the interaction between -CONH- groups and the active site.
The affinity of inhibitors without an H-bond donor — inhibitors with F(CF,),-CONCHj3- and
H(CH,),-CONCHj5- tails — were indistinguishable upon correction for differences in surface
area. This series of results implicated differences in H-bonding by N-H groups as the
underlying difference between the free energy of association of fluorocarbon and
hydrocarbon acyl groups having similar molecular surface area.

The small differences (< 0.06 kcal mol™ per group) observed in this paper between
derivatives of BCA with CF3CONH- and RgCONH- groups with similar surface area (Ry =
CH;CH;-, (CH3),CH-) may originate in differences in N-H acidity, but they may also
originate from several other consequences of the inductive effect of CFs-: basicity of the
-CONH- group, dipolar interactions involving the amide, or polarizability of the & electrons
of the amide. We could not establish the relative importance of these effects. The system is
complex, and the mechanism of denaturation of BCA is not fully determined.

Water-octanol partitioning of model compounds provided a more straightforward way
to measure “hydrophobicity”: one free of the complexity of interactions involved in the
denaturation of proteins by SDS (but also one that may have limited relevance to modeling
the effects of CF;CONH- and RyCONH- in proteins). Water-octanol partitioning data
supported the hypothesis that the interactions of -CONH- contribute to the hydrophobicity of
CF3CONH-. Partition coefficients showed that the hydrophobicity of CFs- (in relation to that

of Ry- groups) is sensitive to the neighboring functional group. For example, the difference
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in 7t between CF;3-X and CH3CH,-X is ~0.1 when X = C¢Hs, but is ~0.9 when X =
-CONH-CH,CgHs. These results suggest that the inductive effect of CF3;- on CF;CONH-
leads to a compound that is more hydrophobic than expected from surface area of the CF;-
group alone.

CF;CONH- groups positioned at the surface of derivatives of BCA destabilize
proteins towards denaturation in solutions of SDS. In most previously reported studies
examining the substitution of F- or CF3- in proteins, the fluorocarbon groups are positioned
within the hydrophobic interior of folded proteins, and contribute to increased thermostability
or resistance towards chemical denaturation. In contrast, the denaturation of
BCA-[CF3;CONH-], and BCA-[RyCONH-], in solutions of SDS suggests that fluorocarbon
groups positioned at the surface of proteins decrease the stability of folded proteins. The
analytical model developed for the kinetics of denaturation suggested that CF;CONH- groups
(and RgCONH- groups) destabilize folded proteins by increasing the affinity of proteins for
SDS. Chemical modification of surfaces of proteins with fluorocarbon groups may be useful
for exploiting hydrophobic interactions to direct protein-protein interactions or to direct
proteins to hydrophobic environments (examples include lipid membranes or the surfaces of

devices used for biotechnology and analysis, such as fluorocarbon coated-tube assays™").
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