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Abstract: An amide-to-ester backbone substitution in a protein is accomplished by replacing an R-amino
acid residue with the corresponding R-hydroxy acid, preserving stereochemistry, and conformation of the
backbone and the structure of the side chain. This substitution replaces the amide NH (a hydrogen bond
donor) with an ester O (which is not a hydrogen bond donor) and the amide carbonyl (a strong hydrogen
bond acceptor) with an ester carbonyl (a weaker hydrogen bond acceptor), thus perturbing folding energetics.
Amide-to-ester perturbations were used to evaluate the thermodynamic contribution of each hydrogen bond
in the PIN WW domain, a three-stranded â-sheet protein. Our results reveal that removing a hydrogen
bond donor destabilizes the native state more than weakening a hydrogen bond acceptor and that the
degree of destabilization is strongly dependent on the location of the amide bond replaced. Hydrogen
bonds near turns or at the ends of â-strands are less influential than hydrogen bonds that are protected
within a hydrophobic core. â-Sheet destabilization caused by an amide-to-ester substitution cannot be
directly related to hydrogen bond strength because of differences in the solvation and electrostatic
interactions of amides and esters. We propose corrections for these differences to obtain approximate
hydrogen bond strengths from destabilization energies. These corrections, however, do not alter the trends
noted above, indicating that the destabilization energy of an amide-to-ester mutation is a good first-order
approximation of the free energy of formation of a backbone amide hydrogen bond.

Introduction

The hydrophobic effect and hydrogen bonding are the two
major forces that stabilize a protein’s native state relative to an
ensemble of unfolded conformations.1 Numerous studies have
focused on their energetic contributions to protein folding.1-9

Since the hydrophobic effect largely originates from interactions
between side chains, it can be perturbed by traditional site-
directed mutagenesis employing side chains of variable structure
and hydrophobicity.10-13 Side chain hydrogen bonding interac-
tions can also be altered by traditional site-directed mutagenesis,

for example, by using Ser to Ala or Tyr to Phe mutations.13-18

The experimental ease of traditional mutagenesis has facilitated
many studies concerning the role of the hydrophobic effect and
side chain hydrogen bonding in protein folding energetics.

In contrast, data addressing specific backbone hydrogen
bonding contributions to the thermodynamics and kinetics of
protein folding are scarce because ordinary mutagenesis does
not alter the backbone. There are backbone amide replacements
that can be incorporated into polypeptides using solid phase
peptide synthesis approaches that perturb hydrogen bonding.
Each alternative (Figure 1) has advantages and disadvantages.
Replacement of a secondary amide by a tertiary amide is
achieved employing a C-terminal Pro substitution in a dipeptide
subsequence, removing an N-H hydrogen bond donor.19 The
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disadvantage of Pro incorporation is that it strongly alters the
conformational preferences of the backbone, as proline prefers
to be in reverseâ-turns or extended polyproline type II con-
formations.20,21Another approach is to replace the amide bond
of interest with a dipeptide mimetic lacking an amide bond,
such as 5-aminopentanoic acid or (2-aminoethylsulfanyl)acetic
acid.22 These dipeptide mimetics often have altered conforma-
tional preferences about what was the amide bond and different
side chain substructures owing to the difficulty involved in the
synthesis of dipeptide mimetics retaining the original side chains
and chirality. Dipeptide isosteres where the amide bond is
replaced with atrans-alkene functional group, referred to as an
“E-olefin isostere”, are ideal backbone amide replacements as
the trans-olefin, which is incapable of hydrogen bonding,
replaces the trans amide bond, which is capable of serving as
both a hydrogen bond donor and acceptor (Figure 1). However,
the synthetic challenge associated with the stereospecific
synthesis ofE-olefin isosteres limits their utility at this time.23,24

Currently, the most accessible and attractive method for the
perturbation of backbone hydrogen bonding is to replace the
amide bond with an ester bond (Figure 2).25-36 The synthesis

of amide-to-ester (A-to-E) variants of a protein is accomplished
by replacing theR-amino acid residue of interest by the
corresponding chiralR-hydroxy acid residue bearing the same
side chain. IncorporatingR-hydroxy acids into a protein can be
done either by chemical synthesis or by biosynthesis,35-36 the
latter using technology developed by Schultz and co-workers.30-33

Proteins or peptides that contain an ester linkage instead of an
amide linkage are called depsipeptides (“depsi” comes from the
Greek word “depsidi”, which means ester).34

The A-to-E substitution eliminates the NH hydrogen bond
donor by replacing it with an O (Figure 2).37 Furthermore, the
carbonyl of an ester is a weaker hydrogen bond acceptor than
that of an amide. Thus, A-to-E mutations eliminate one of the
hydrogen bonds that a given backbone amide could make (by
removing the donor) and perturbs the other one (by weakening
the acceptor). An A-to-E substitution is a desirable backbone
amide replacement because amides and esters have similar
conformational preferences. Previous reports, including a recent
crystal structure of a depsipeptide and conformational data on
polyesters, reveal that depsipeptides and their all-amide coun-
terparts have similar bond angles and lengths, prefer similarφ

and ψ dihedral angles, and strongly prefer the trans ester
conformation, like secondary amides in proteins.27,38-42

It is important to maintain the structure of the side chains
when using A-to-E mutations to study backbone hydrogen
bonding in protein folding, because altering the side chain in
an A-to-E mutant contaminates the effect of perturbing backbone
hydrogen bonding with the effect of changing the side chain.
The above is especially true withâ-sheet structures, in which
interactions between side chains on different strands are often
crucial to the stability of the folded state. As a result, the scope
of A-to-E mutation as a method for studying backbone H-bond-
ing has been limited by the lack of commercial availability of
some of theR-hydroxy acid analogues of theR-amino acids.
To avoid this dilemma, our laboratory has synthesized the
R-hydroxy acid equivalents of theR-amino acids not currently
commercially available, thus allowing all possible A-to-E
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Figure 1. Using a Gly-Gly dipeptide as an example, four substitutions
that perturb the ability of the amide backbone to participate in hydrogen
bonding are shown: (from top) amide to secondary amide via proline
substitution, amide to dimethylene, amide to thiomethylene, and amide to
E-olefin isostere.

Figure 2. Illustration of the A-to-E backbone mutation strategy, where
the amide bond of the parent dipeptide is replaced with an ester bond. Note
that the side chains of both amino acids (R1 and R2) are preserved in the
R-hydroxy acid dipeptide substructure.
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substitutions to be made with retention of side chain structure
andR-carbon configuration (Figure 2).52

The contribution of each backbone hydrogen bond to the
stability of the three-strandedâ-sheet structure of the PIN WW
domain was probed using twenty A-to-E variants. These variants
were required to perturb each of the eleven hydrogen bonds in
the PIN WW domainâ-sheet. The free energy of destabilization
resulting from an A-to-E mutation cannot be directly ascribed
to hydrogen bond strength because of possible electrostatic
repulsions between the ester oxygen and the amide carbonyl
on the opposing strand and energetic differences between ester
and amide solvation. We propose electrostatic and solvation
corrections to the measured free energies of destabilization
caused by the A-to-E mutations that provide a preliminary
estimate of hydrogen bond strengths; however, more sophisti-
cated corrections and data from A-to-E scans of other proteins
will be needed before accurate position-dependent hydrogen
bond strengths can be established. Importantly, both the primary
data and the corrected data reveal the same trend: that hydrogen
bonds in the low dielectric microenvironment of a hydrophobic
cluster contribute substantially more to protein stability than
do solvent-exposed hydrogen bonds. This indicates, first, that
the measured free energies of destabilization are good ap-
proximations of hydrogen bond strengths, and, second, that there
are “hot spot” hydrogen bonds in a protein that contribute
disproportionately to stability.

Design

The PIN1 protein has two domains and functions in cell cycle
regulation by mediating protein-protein interactions.28,43-47 The
WW domain can be excised from the full length PIN1 protein
as an independently folded, 34-residue, three-strandedâ-sheet
miniprotein with two intervening loops.51b This folded mini-
protein retains its proline-rich phosphoserine/phosphothreonine
peptide binding properties.47 The PIN WW domain is mono-
meric, small enough to be conveniently synthesized by solid-
phase peptide synthesis, and is one of the best studiedâ-sheet
proteins.12,22,48-50 Moreover, PIN WW domain variants prepared
by traditional recombinant methods reveal that this sequence is
highly tolerant of conservative side chain mutations, affording
folded structures that allow one to probe the role of almost every
side chain in protein folding energetics. Kinetic and thermo-
dynamic analyses of these variants reveal that hydrophobic side
chain packing is important for thermodynamic stability and that
the formation of the 4:6 loop 1 conformation is rate limiting
for WW domain folding.12 Recently, we communicated a
summary of the kinetic and thermodynamic effects of A-to-E
mutations on PIN WW domain folding, focusing mostly on the
role that individual backbone H-bonds play in the transition state

structure, and thus in kinetics.53 In contrast, this manuscript
focuses on the effect of A-to-E variants, and therefore of
individual backbone H-bonds, on folding thermodynamics. This
manuscript also introduces methodology to correct the experi-
mental destabilization free energies of A-to-E mutants for the
solvation differences and electrostatic repulsions associated with
the A-to-E mutations to obtain estimates of the free energies of
formation of individual backbone H-bonds.

The crystal structure of the PIN WW domain, taken from
the crystal structure of the entire PIN1 protein, and the solution
NMR structure of the isolated PIN WW domain reveal 11
backbone hydrogen bonds (Figure 3).51 The sequence of the
PIN WW domain employed for these studies is shown below.

Backbone hydrogen bonding requires one amide backbone
carbonyl to serve as the hydrogen bond acceptor, while another
backbone amide NH serves as the donor. As a result, two A-to-E
backbone mutations can be made to probe each backbone
hydrogen bond: one A-to-E mutation eliminates the donor,
while the other weakens the acceptor. For example, the hydrogen
bond between S16 and S19 in theâ-turn of loop 1 can be
eliminated by replacing S19 by theR-hydroxy acid equivalent
of serine, thus eliminating the hydrogen bond donor. Alterna-
tively, this hydrogen bond can be weakened by substituting R17
with its correspondingR-hydroxy acid to weaken the hydrogen
bond acceptor of S16. In all, 20 A-to-E variants of the PIN
WW domain were synthesized to probe the 11 hydrogen bonds
in the three-strandedâ-sheet. These variants, the contributing
residues for each hydrogen bond, and their location in the
context of the PIN WW domainâ-sheet are listed in Table 1.
We propose the use of lower case Greek letters to refer to the
R-hydroxy acid equivalents of theL-R-amino acids utilized in
this study (e.g.,R represents lactic acid, theR-hydroxy acid
equivalent of alanine, A).

Results

Synthesis.The synthesis of PIN WW domain A-to-E mutants
was carried out using a Boc/benzyl solid-phase peptide synthesis
strategy, as described previously.35 The wild type PIN WW
domain (wt PIN) and its phosphopeptide ligand were synthesized
as previously described.48 All R-hydroxy acids that were not
commercially available with appropriate side chain protection
for a Boc/benzyl synthesis strategy were synthesized as recently
described.52

Sample Preparation.One of two methods were employed
to ready the PIN WW domain A-to-E variants for biophysical
studies. In the first method, utilized for the majority of the
A-to-E variants, HPLC-purified PIN WW domains were ly-
ophilized, redissolved in deionized water, eluted through a size
exclusion column in the presence of high salt, and dialyzed
against an appropriate aqueous buffer. In the second method,
HPLC-purified PIN WW domains were lyophilized, redissolved
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in deionized water to make a concentrated stock solution, and
diluted with buffer. Although the former approach was preferred
because it further purified the protein, it was not suitable for
the R17F, S19σ, and H27η variants of the PIN WW domain.
The ester bonds of these depsipeptides were hydrolyzed within
12-24 h under high salt conditions, likely because the ester
bonds are located in highly solvent accessible loops. Therefore,

these A-to-E variants were readied for biophysical studies by
the second method.

PIN WW Domain Characterization. A number of ap-
proaches were utilized to ensure that the PIN WW domain
A-to-E variants adopted a normally folded structure. The A-to-E
variants were characterized by far-UV CD and fluorescence
spectroscopy. All of the folded variants exhibited the charac-

Figure 3. (a) Crystal structure of the PIN WW domain excised from the crystal structure of the full-length two domain PIN1 protein (top) and solution
structure of the isolated PIN WW domain (6-39) determined by NMR spectroscopy (bottom). (b) Backbone of theâ-sheet region (from the crystal structure)
where hydrogen bonds and their corresponding hydrogen bond number (HB#) are indicated by green lines.

Table 1. List of A-to-E Mutants, Their Backbone Hydrogen Bonding Context, Their Pairing Residues, and Their Thermodynamic
Characteristicsa

mutation affected backbone H-bond location pairing residue Tm (°C) ∆Gf (kJ/mol)

wt PIN N/A N/A N/A 59 ( 0.1 -13.9( 0.4
L7λ N/A N/A N/A 56.7 ( 0.1 -13.9( 0.3
W11ω donor HB1 outerâ-turn shown in Figures 3 and 6 N/A 45.2( 0.2 -9.2( 0.2
E12ε donor HB2 end of sheet N26 22.2( 0.1 -7.6( 0.4
K13κ acceptor HB3 middle of sheet F25 46.4( 0.1 -10.9( 0.4
R14F donor HB4 middle of sheet Y24 n.d. 2.5( 0.2
M15µ acceptor HB5 middle of sheet Y23 55.3( 0.3 -12.2( 0.2
S16σ donor HB6 first loop 1 H-bond V22 42.2( 0.2 -9.2( 0.2
R17F acceptor HB7 defineâ-turn in loop 1 S19 49.1( 0.1 -12.6( 0.1
S19σ donor HB7 defineâ-turn in loop 1 R17 38.4( 0.1 -11.3( 0.2
V22$ acceptor HB6 first loop 1 H-bond S16 56.7( 0.1 -11.3( 0.4
Y23ψ donor HB5 middle of sheet M15 21( 0.2 -4.6( 0.3
Y24ψ acceptor HB4 end of sheet W34 25( 0.4 -9.3( 0.1

donor HB11 middle of sheet R14
F25φ donor HB3 middle of sheet K13 n.d. 3.7( 0.3

acceptor HB10 middle of sheet Q33
N26ν donor HB9 middle of sheet S32 n.d. 6.3( 0.4

acceptor HB2 end of sheet E12
H27η acceptor HB8 loop 2 N30 38.7( 0.1 -10.5( 0.2
N30ν donor HB8 loop 2 H27 24.8( 0.2 -6.3( 0.2
A31R donor to side-chain backbone to side chain T29 45.3( 0.1 -10.5( 0.6
S32σ acceptor HB9 middle of sheet N26 41.5( 0.3 -9.7( 0.4
Q33θ donor HB10 middle of sheet F25 n.d. -0.8( 0.1
W34ω acceptor HB11 end of sheet Y24 49.5( 0.1 -11.8( 0.1

a Values of∆Gf (at 2 °C) are derived from guanidine hydrochloride denaturation curves. The A-to-E mutants R14F, F25φ, N26ν, and Q33θ required the
addition of trimethylamineN-oxide (TMAO) to determine∆Gf.
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teristic far-UV CD maximum at 227 nm, as well as a
fluorescence emission spectrum (maximum at 342 nm) similar
to that of the wt PIN WW domain. The tertiary structure of a
representative set of the PIN WW domain A-to-E variants (L7λ,
K13κ, S19σ, V22$, H27η, W34ω) was further scrutinized by
1D 1H NMR spectroscopy employing a Watergate solvent
suppression pulse sequence.49,51bThe variants analyzed displayed
well-dispersed resonances in both the downfield aromatic/amide
region (δ 6.5-10.0 ppm) and the upfield aliphatic region, which
is characteristic of a properly folded WW domain (Figure 4).
The similarity between the 1D1H NMR fingerprints of the
A-to-E variants and the wt PIN WW domain is consistent with
the expectation that these depsipeptides adopt a normal tertiary
structure. To confirm the integrity of the folded state, all PIN
WW variants, except for R14F, F25φ, N26ν, and Q33θ (which
were not folded), were subjected to a ligand-binding assay. The
phosphorylated peptide YSPTpSPS (CTD-S5) bound to all of
the A-to-E variants with a free energy comparable to that of
the wt PIN-ligand interaction (20-25 kJ/mol), implying that
the variants adopted a native structure.

To apply the two-state assumption to extract thermodynamic
data from the denaturation curves of the PIN WW domain
A-to-E variants, they must remain monomeric in solution. Their
association state was characterized by sedimentation equilibrium
analytical ultracentrifugation studies. Under the conditions
employed to make biophysical measurements, all of the PIN
WW domain A-to-E variants (both folded and unfolded)
exhibited radial concentration distribution profiles that fit best
to a single species model with a molecular weight corresponding
to monomer (∼4 kD) and do not fit well to models invoking
heterogeneity (data not shown).

Steady-State Thermodynamic Measurements.The aim of
this study was to gain insight into the contribution of each of
the eleven hydrogen bonds to the thermodynamic stability of
the PIN WW domain. Stability parameters that enable com-

parison of all these variants include the midpoint of thermal
denaturation curves (Tm) (Table 1)54 and the free energy changes
based on guanidine hydrochloride-induced unfolding at 2°C
(∆Gf). Thermal denaturation curves were recorded based on the
decrease in ellipticity of the characteristic maximum in the CD
spectrum of the PIN WW domain at 227 nm. Chaotrope
denaturation curves at 2°C were recorded based either on the
decrease in ellipticiy at 227 nm or on the decrease in the nor-
malized fluorescence signal (the ratio of the fluorescence at 342
and 355 nm) as a function of increasing guanidine hydrochlor-
ide concentration. Though chaotrope denaturation experiments
were carried out at 2°C to enable a direct comparison of as
many variants as possible, some of the A-to-E variants, namely
R14F, F25φ, N26ν, and Q33θ, were partially unfolded at 2°C
in the absence of denaturant and could not be studied by this
approach (a pretransition baseline is necessary for data fitting).
Therefore,∆Gf for these variants was measured by recording
their denaturation curves in the presence of varying concentra-
tions of trimethylamineN-oxide (TMAO), an osmolyte that can
stabilize proteins by up to 16 kJ/mol.28,55-56 With increasing
concentrations of TMAO, these variants became more stable,
showing a higher ellipticity at 227 nm and a higher normalized
fluorescence signal. The normalized fluorescence signal was
related to the fraction of unfolded protein as established from
other guanidine denaturation experiments, and plots of the
fraction protein unfolded as a function of TMAO concentration
were constructed for each of these mutants. Finally,∆Gf in the
absence of TMAO was obtained by extrapolating this plot to 0
M TMAO. The steady-state thermodynamic data and experi-
mental errors are shown in Table 1.53

Discussion

Utilization of A-to-E Backbone Mutations. The importance
of maintaining side chain integrity when examining backbone
hydrogen bonding can be illustrated using A-to-E mutants of
W11. Replacement of W11 with lactic acid (R) results in WW
domain unfolding, likely because the smaller methyl side chain
of the lactic acid disrupts the hydrophobic core (data not shown).
Because the effect of altering the side chain of W11 is combined
with the effect of perturbing the backbone hydrogen bond,
information on the contribution of backbone hydrogen bonding
to protein folding energetics at this residue cannot be extracted
from the destabilization energy of the W11R mutant. When the
tryptophan residue is replaced byω (W11ω), the resulting WW
domain remains folded and the influence of that backbone
hydrogen bond can be ascertained, provided that solvation and
electrostatic corrections are made (see below). The stability of
W11ω is decreased by 4.6 kJ/mol relative to wt PIN, and since
no side chain interaction is interrupted, the decrease in stability
can be attributed largely to the loss of a backbone hydrogen
bond. This hydrogen bond, from the NH of the G10-W11 amide

(54) ∆G values can be calculated from a thermal denaturation curve if the change
in ∆Cp upon unfolding (∆Cp,u) is known and the thermal denaturation curve
contains both native and unfolded baselines.48 Since not all A-to-E variants
have native baselines, their∆G values cannot be obtained. Thus, for
consistency, the∆G values discussed herein are those obtained by chaotrope
denaturation or osmolyte renaturation.

(55) (a) Baskakov, I.; Bolen, D. W.J. Biol. Chem.1998, 273, 4831-4834. (b)
Bolen, D. W.; Baskakov, I. V.J. Mol. Biol.2001, 310, 955-963. (c) Auton,
M.; Bolen, D. W.Biochemistry2004, 43, 1329-1342.

(56) (a) Kumar, R.; Lee, J. C.; Bolen, D. W.; Thompson, E. B.J. Biol. Chem.
2001, 276, 18146-18152. (b) Liu, Y.; Bolen, D. W.Biochemistry1995,
34, 12884-12891. (c) Wang, A.; Bolen, D. W.Biochemistry1997, 36,
9101-9108.

Figure 4. 1D 1H NMR spectra (600 MHz) of wt PIN WW domain and
selected A-to-E PIN WW domain mutants (1 mM) in 9:1 H2O/D2O (v/v)
buffered with 20 mM sodium phosphate (pH 7.0, 2°C).
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bond to the carbonyl of the P8-P9 amide bond, defines a reverse
turn encompassing residues P8 to W11. The existence of this
turn was confirmed by an evaluation of theφ andψ dihedral
angles of residues P8, P9, G10, and W11 in the NMR structural
ensemble (Figure 3).20

L7λ A-to-E Mutant and the Energy of the Unfolded State.
The thermodynamic stability of a protein is measured by the
difference in free energy between the native and unfolded states.
In traditional mutagenesis studies, it is assumed that mutations
do not change the free energy of the variant’s unfolded state
compared to that of the wild type. Thus, the difference in free
energies between variant and wild type is assumed to result
entirely from changes in the native state.58 Though the unfolded
state of both wt PIN and the A-to-E variants can be assumed to
have the same ensemble of unordered structures, the solvation
energies of the all-amide backbone of wt PIN and the dep-
sipeptide backbone of the A-to-E variants could be different in
the unfolded state. The wt PIN WW domain has 33 amide
bonds, while the A-to-E variants have 32 amide bonds and 1
ester bond in the backbone. It is well-known that solvating
amides in aqueous solution are more favorable than solvating
esters.37,40,62Thus, it is possible that an A-to-E mutation affects
the unfolded state as well as the native state.

The A-to-E mutant L7λ was used to determine whether
changes in the solvation of the unfolded state affect the∆Gf

value of A-to-E mutants, since the ester is fully solvated in both
the folded and unfolded states in this mutant. It happens that
∆Gf values for L7λ and the wt PIN WW domain are identical
within experimental error (Table 1). Therefore, the solvation
differences between the unfolded states of the wt PIN WW
domain and its A-to-E mutants were neglected.

Relationship between Measured∆∆G Values and Hy-
drogen Bond Strengths.Since A-to-E mutations primarily
affect backbone hydrogen bonds, it is tempting to equate
differences between the folding free energies of the wt PIN WW
domain and its A-to-E mutants (∆∆Gf ) ∆Gf,mut - ∆Gf,wt) to
hydrogen bond strengths (or strength difference, for cases where
an amide CO is replaced by and ester CO). We define the
strength of a given hydrogen bond as the free energy of the
electrostatic interaction between desolvated amide CO and NH
groups in the native state of the PIN WW domain. The value
of ∆∆Gf for an A-to-E mutant is only equal to the hydrogen
bonding energy when the electrostatic repulsions and solvation
differences discussed in the Introduction are negligible. How-
ever, this is often not true for the electrostatic repulsions, and
almost never true for the solvation differences. We describe a
simple, first-order procedure for making such corrections below.

Corrections for solvation energy differences between the wt
PIN WW domain and A-to-E mutants require knowledge of
the solvation energies of amides and esters and the extent of
backbone burial at each residue. The solvation energy of amides

and esters in protein folding was estimated from water-octanol
partition energies of amide and ester functional groups: 11.3
and 5.5 kJ/mol, respectively.29,59-65 Amides and esters consist
of two fragments that are involved in hydrogen bond formation,
i.e., carbonyl and NH (for amide) or carbonyl and O (for ester).
While it is debatable how much each fragment contributes to
the overall partition energies of amide and ester functional
groups, we approximate that each fragment contributes equally
to the partition energy of an amide or ester substructure.66 In
other words, partition energies for each fragment of an amide
and an ester are 5.7 and 2.8 kJ/mol, respectively. The extent of
CO and NH burial at each residue was obtained from the average
NMR structure of the PIN WW domain using a 1.4 Å probe
radius and is summarized in Table 2. Using this information,
∆∆Gf values were corrected for solvation effects in the folded
state by scaling the correction based on percent solvent
accessibility. In other words, no correction was applied to fully
solvated functional groups, the full correction was applied to
fully desolvated functional groups, and for intermediate cases,
the percent desolvation was used to derive a fractional correction
(Table 2).

(57) Bergasa-Caceres, F.; Rabitz, H.J. Phys. Chem. B2001, 105, 2874-2880.
(58) (a) Shortle, D.; Simons, K. T.; Baker, D.Proc. Natl. Acad. Sci. U.S.A.

1998, 95, 11158-11162. (b) Wrabl, J. O.; Shortle, D.Protein Sci.1996,
5, 2343-2352. (c) Dill, K. A.; Shortle, D.Annu. ReV. Biochem. 1991, 60,
795-825. (d) Botstein, D.; Shortle, D.Science1985, 229, 1193-1201.

(59) Meylan, W. M.; Howard, P. H.Perspect. Drug DiscoVery Des.2000, 19,
67-84.

(60) Abraham, D. J.; Kellogg, G. E.; Holt, J. M.; Ackers, G. K.J. Mol. Biol.
1997, 272, 613-632.

(61) Chan, H. S.; Dill, K. A.Annu. ReV. Biophys. Biomol. Struct.1997, 26,
425-459.

(62) (a) Leo, A. J.; Hoekman, D.Perspect. Drug DiscoVery Des.2000, 18, 19-
38. (b)Leo, A.; Hansch, C.; Elkins, D.Chem. ReV. 1971, 71, 525-616.

(63) Kellogg, G. E.; Abraham, D. J.Eur. J. Med. Chem.2000, 35, 651-661.
(64) Mannhold, R.; Rekker, R. F.Perspect. Drug DiscoVery Des.2000, 18,

1-18.
(65) Petrauskas, A. A.; Kolovanov, E. A.Perspect. Drug DiscoVery Des.2000,

19, 99-116.
(66) Honig, B.; Yang, A. S.AdV. Protein Chem. 1995, 46, 27-58.

Table 2. Summary of the Stability of A-to-E Variants Relative to
the wt PIN WW Domain (∆∆Gf ) ∆Gf,mut - ∆Gf,wt), Their Amide
Solvent Accessibility Based on the NMR Solution Structure, and
the Adjusted ∆∆Gf Corrected for Solvation Differences as
Described in the Texte

solvation correction
(kJ/mol)c

% solvent
accessible

mutation
hydrogen

bond

observed
∆∆Gf

(kJ/mol) −CO−a −NH−b

cor
from

−CO−c

cor
from

−NH−c

adjusted
∆∆Gf

d

L7λ N/A 0 25 29 0 0 0
W11ω HB1 4.6( 0.4 0 18 2.9 2.4 9.9( 0.4
E12ε HB2 6.3( 0.5 35 0 1.9 2.9 11.1( 0.5
K13κ HB3 2.9( 0.5 0 34 2.9 1.9 7.7( 0.5
R14F HB4 16.4( 0.4 55 0 1.3 2.9 20.6( 0.4
M15µ HB5 1.7( 0.4 0 40 2.9 1.7 6.3( 0.4
S16σ HB6 4.6( 0.4 40 0 1.7 2.9 9.2( 0.4
R17F HB7 1.3( 0.3 10 30 2.6 2.0 5.9( 0.3
S19σ HB7 2.5( 0.4 28 20 2.1 2.3 6.9( 0.4
V22$ HB6 2.5( 0.5 0 30 2.9 2.0 7.4( 0.5
Y23ψ HB5 9.2( 0.4 20 0 2.3 2.9 14.4( 0.4
Y24ψ HB4, HB11 4.6( 0.3 0 0 2.9 2.9 10.4( 0.3
F25φ HB3, HB10 17.6( 0.4 0 0 2.9 2.9 23.4( 0.4
N26ν HB2, HB9 20.2( 0.5 0 0 2.9 2.9 26.0( 0.5
H27η HB8 3.4( 0.4 0 0 2.9 2.9 9.2( 0.4
N30ν HB8 7.6( 0.4 52 0 1.4 2.9 11.9( 0.4
A31R Side-chain 3.4( 0.7 40 0 1.7 2.9 8.0( 0.7
S32σ HB9 4.2( 0.5 0 44 2.9 1.6 8.7( 0.5
Q33θ HB10 13( 0.3 23 0 2.2 2.9 18.1( 0.3
W34ω HB11 2.1( 0.3 35 1 1.9 2.9 6.9( 0.3

a Based on the rationale stated above, the difference between the water/
octanol transfer energies of an amide carbonyl (5.7 kJ/mol) and an ester
carbonyl (2.8 kJ/mol) is 2.9 kJ/mol.b Based on Table 2, the difference
between the water/octanol transfer energies of an amide-NH- (5.7 kJ/
mol) and an ester-O- (2.8 kJ/mol) is 2.9 kJ/mol.c The correction assumes
fractional transfer energy. As a result, the correction from-CO- ) (100
- -CO- solvent accessible %)(2.9)/100 and the correction from-NH-
) (100 - -NH- solvent accessible %)(2.9)/100.d Observed∆∆Gf )
adjusted∆∆Gf - (∆G correction from-CO- + ∆G correction from
-NH-). e Values in the table are rounded to the nearest 0.1 kJ/mol. For
sums, rounding is performed after summation.
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A-to-E mutations in some contexts can lead to unfavorable
electrostatic interactions that should be corrected for to extract
hydrogen bond strengths from∆∆Gf values. There are three
possible scenarios where unfavorable electrostatic interactions
could complicate A-to-E effects on backbone hydrogen bonding
in aâ-sheet (Figure 5). First, an A-to-E substitution in the center
strand of a three-strandedâ-sheet (scenario 1, Figure 5) elimi-
nates the NH hydrogen bond donor and creates an unfavorable
electrostatic interaction between the ester O and the amide
carbonyl on the exterior strand (strand 1). Of course, minor
structural alterations in strand 1 could attenuate these unfavor-
able electrostatic interactions between the electron-rich centers
indicated in Figure 5. Second, an A-to-E mutation in an exterior
strand involving an NH that is solvent exposed (scenario 2,
Figure 5) weakens the hydrogen bond that the ester carbonyl
makes with the amide NH in strand 2 without introducing
unfavorable electrostatic interactions. Finally, A-to-E mutations
in the exterior strand that eliminate an NH that is hydrogen
bonded to an amide carbonyl in strand 2 (scenario 3) introduce
an unfavorable electrostatic interaction between the ester oxygen
and the amide carbonyl oxygen. This repulsion could also be
attenuated by slight rearrangements in structure that increase
the separation between the partial negative charges.

The energetic costs of the unfavorable electrostatic interac-
tions between the oxygen atoms in scenarios 1 and 3 can be
approximated by Coulomb’s law, by accounting for the partial
charge on each oxygen atom, the distance between the two

atoms, and the dielectric constant of the surrounding medium.
While there are many methods for calculating partial charges
on ester oxygens,67 an ab initio calculated set of values for these
partial charges calculated by ChemBats3D (CambridgeSoft, Inc.)
using a Hu¨ckel model are-0.8 and-0.1 for an amide carbonyl
oxygen and an ester oxygen, respectively. The distance between
these oxygen atoms is approximately 3 Å. In scenario 3, where
the functional groups are solvent exposed, the dielectric constant
of water (80) is utilized, whereas, in scenario 1, the dielectric
constant must be estimated. While the absolute dielectric
constant of protein can vary, a value of 16 is chosen here for
simplicity.68 Based on these limits, the electrostatic repulsion
between the two oxygen atoms is destabilizing by approximately
0.4 and 2.9 kJ/mol in scenarios 3 and 1, respectively (assuming
no motion to separate the oxygens). An experimental approach
to approximate this unfavorable electrostatic interaction was
carried out by replacing-O- with -CH2- in the carboxylate
ester of vancomycin’s ligand and the phosphonate ester of
thermolysin’s ligand.69 The differential binding energy assigned
to destabilizing lone pair/lone pair interaction was 6.7-11.3
kJ/mol.69a These studies likely overestimate the destabilization
energy because the solvation/desolvation energies are unac-
counted for.

First-order approximations of hydrogen bond strengths, based
on ∆∆Gf values adjusted for both electrostatic and solvation
contributions, can be found in Table 3 and Figure 6. Clearly,
more accurately adjusted∆∆Gf values could be calculated with

(67) Li, J. B.; Zhu, T. H.; Cramer, C. J.; Truhlar, D. G.J. Phys. Chem. A1998,
102, 1820-1831.

(68) (a) Schutz, C. N.; Warshel, A.Proteins2001, 44, 400-417. (b) Bergveld,
P. Biosens. Bioelectron.1991, 6, 55-72.

(69) (a) McComas, C. C.; Crowley, B. M.; Boger, D. L.J. Am. Chem. Soc.
2003, 125, 9314-9315. (b) Morgan, B. P.; Scholtz, J. M.; Ballinger, M.
D.; Zipkin, I. D.; Bartlett, P. A.J. Am. Chem. Soc. 1991, 113, 297-307.

Figure 5. Three scenarios for the introduction of potentially unfavorable
electrostatic interactions utilizing an A-to-E mutation. Typical hydrogen
bonds are indicated by a black line, while weakened hydrogen bonds are
indicated by a red line. Potentially unfavorable electrostatic interactions
are formed between the partially charged oxygens of the amide carbonyl
and the ester in scenarios 1 and 3.

Table 3. Approximation of Individual Hydrogen Bond Strengthsb

mutation
hydrogen

bond
observed ∆∆Gf

(kJ/mol)

electrostatic
correction
(kJ/mol)

adjusted ∆∆Gf
a

(kJ/mol)

L7λ N/A 0 N/A 0
W11ω HB1 4.6( 0.4 0.4 9.5( 0.4
E12ε HB2 6.3( 0.5 0.4 10.7( 0.5
K13κ HB3 2.9( 0.5 N/A 7.7( 0.5
R14F HB4 16.4( 0.4 2.9 17.7( 0.4
M15µ HB5 1.7( 0.4 N/A 6.3( 0.4
S16σ HB6 4.6( 0.4 0.4 8.8( 0.4
R17F HB7 1.3( 0.3 N/A 5.9( 0.3
S19σ HB7 2.5( 0.4 0.4 6.5( 0.4
V22$ HB6 2.5( 0.5 N/A 7.4( 0.5
Y23ψ HB5 9.2( 0.4 2.9 11.5( 0.4
Y24ψ HB4, HB11 4.6( 0.3 0.4 10.0( 0.3
F25φ HB3, HB10 17.6( 0.4 2.9 20.5( 0.4
N26ν HB2, HB9 20.2( 0.5 2.9 23.1( 0.5
H27η HB8 3.4( 0.4 N/A 9.2( 0.4
N30ν HB8 7.6( 0.4 0.4 11.5( 0.4
A31R Side-chain 3.4( 0.7 0.4 7.6( 0.7
S32σ HB9 4.2( 0.5 N/A 8.7( 0.5
Q33θ HB10 13( 0.3 2.9 15.2( 0.3
W34ω HB11 2.1( 0.3 N/A 6.9( 0.3

a These values represent a first-order approximation of the hydrogen bond
strength utilizing the solvation and electrostatic corrections described in
the text.b Summary of the stability of A-to-E variants relative to the wt
PIN WW domain (∆∆Gf), the electrostatic correction to the∆∆Gf value
using the approach described in the text, and the∆∆Gf value corrected for
both electrostatic and solvation contributions. The fully corrected∆∆Gf
value is a first-order approximation of the hydrogen bond strengths. Values
in the table are rounded to the nearest 0.1 kJ/mol. For sums, rounding is
performed after summation.
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more knowledge about solvation energies specific for each
amide bond and more information regarding the local dielectric
constants and structural alterations for the electrostatic correc-
tions discussed above. While the tabulated raw data allows us
and others to further refine these corrections, it is clear that the
trends in the data are the same whether or not the data are
corrected (see below).

Thermodynamic Analysis.Three observations regarding the
contributions of backbone hydrogen bonding to PIN WW
domain stability are striking. First, the elimination of selected
backbone hydrogen bonds shifts the equilibrium toward the
unfolded state, demonstrating their important energetic contribu-
tions to the stability of the native state. Second, A-to-E mutations
where a hydrogen bond donor is removed are more destabilizing
than mutants where a hydrogen bond acceptor is weakened.
Third, the energetic contributions of backbone hydrogen bonds
to the thermodynamic stability of the PIN WW domain are
strongly context dependent, as evidenced by standard deviations
of the∆∆Gf values that are much larger (on the order of several
kJ) than the experimental error (on the order of tenths of kJ)
among mutants where (A) a hydrogen bond donor is removed,
(B) a hydrogen bond acceptor is weakened, and (C) both
hydrogen bond donor and acceptor are affected (Table 4). These
findings emphasize that backbone hydrogen bonding can have
highly variable, context dependent effects on the stability of a
â-sheet protein, and in extreme cases (R14F, F25φ, N26ν, and
Q33θ), the destabilization resulting from A-to-E substitutions
can be sufficient to prevent substantial population of the native
state.

The most destabilizing A-to-E variants are those that interrupt

a backbone hydrogen bond located in the middle of aâ-strand,
usually a hydrogen bond buried by hydrophobic core side
chains.70,71 In contrast, less destabilizing A-to-E variants
eliminate hydrogen bonds in or near the two loops, at the
beginning of strand 1, and at the end of strand 3 (Figure 7). All
A-to-E variants exhibiting average to below average∆∆Gf

values were solvent accessible (Figure 7). Hydrogen bonds,
being primarily electrostatic interactions, are stronger in a low
dielectric medium, explaining why hydrogen bonds enveloped
by hydrophobic side chains contribute disproportionately to the
thermodynamic stability of the PIN WW domain.

The extent of destabilization of an A-to-E mutation may also
relate to the ability of the structure to rearrange. This point can
be illustrated by the extreme context dependency of mutations
within strand 2. For example, Y23ψ removes a hydrogen bond
donor, whereas Y24ψ both removes a hydrogen bond donor
and weakens a hydrogen bond acceptor. Yet, Y23ψ is a more
destabilizing mutation than Y24ψ. A likely explanation for this
finding is that M15, the hydrogen bonding partner of Y23ψ, is
in a more constricted location than W34, the hydrogen bonding
partner of Y24ψ. The hydrogen bond between M15 and Y23
occurs in a region where there are several other hydrogen bonds.
Therefore, conformational changes that might allow M15 to find
another hydrogen bonding partner would likely disrupt many
interactions. In contrast, W34 is located at the end of strand 3
and likely can form new hydrogen bonds with water without
severely distorting the structure of the WW domain.

The points made above regarding the context dependency of
the contributions of hydrogen bonds to the stability of the native
state are equally valid, whether the uncorrected or corrected
data are being considered. This suggests that the destabilization
energy due to an A-to-E mutation is an adequate indicator of
the strength of a backbone hydrogen bond, even though this
energy is not strictly equal to the energy of hydrogen bond
formation. The corrections applied for solvation and electrostat-
ics do not change the trends in the raw data, and even though

(70) Loladze, V. V.; Ermolenko, D. N.; Makhatadze, G. I.J. Mol. Biol. 2002,
320, 343-357.

(71) Gromiha, M. M.; Oobatake, M.; Kono, H.; Uedaira, H.; Sarai, A.Protein
Eng.1999, 12, 549-555.

Figure 6. A plot comparing experimental∆∆Gf’s and∆∆Gf’s corrected for solvation and electrostatic contributions. Experimental errors for the data in this
plot are reported in Table 3.

Table 4. Statistical Summary of the of A-to-E Mutation Data

without correction
(kJ/mol)

corrected for
solvation
(kJ/mol)

corrected for
both solvation

and electrostatic
(kJ/mol)

effects average SD (σ) average SD (σ) average SD (σ)

removal of donor 7.6 4.6 12.2 4.6 11.0 3.6
weakening of acceptor 2.5 0.8 7.5 1.2 7.5 1.2
affecting both donor

and acceptor
14.3 8.4 19.9 8.4 17.9 6.9
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they cannot be neglected for determining absolute hydrogen
bond energies, they do not dramatically change the reported
numbers.

Conclusions

This study used A-to-E mutations to perturb individual
backbone hydrogen bonds to discern their contributions to PIN
WW domain folding thermodynamics. While the∆∆Gf values
had to be corrected for solvation effects and unfavorable
electrostatic interactions to estimate hydrogen bond strengths,
such corrections, based on the criteria and approximations
presented in this paper, do not substantially change the overall
picture suggested by the raw data. The contributions of backbone
hydrogen bonds toâ-sheet stability are highly context dependent,
with a few hydrogen bonds potentially contributing as much as
25 kJ/mol, and others contributing almost nothing. The best
predictor of whether a hydrogen bond is highly stabilizing is
whether it is buried.35a These conclusions suggest that the
formation of buried hydrogen bonds is an important driving
force for protein folding, a conclusion worthy of further scrutiny
utilizing A-to-E scans in structurally diverse proteins where the
thermodynamic data are analyzed by correction methods of
increasing sophistication.

Experimental Section

Materials and Methods. Boc-amino acids were obtained from
Midwest Biotech (Fishers, IN). Boc-Gly-PAM resin was purchased from
Applied Biosystems (Foster City, CA). 2-(1H-Benzotriazol-1-yl)-
1,1,3,3,-tetramethyluronium hexafluorophosphate (HBTU) was obtained
from QBiogene (Carlsbad, CA). 1-Hydroxybenzotriazole (HOBt) was
purchased from Novabiochem (San Diego, CA). Diisopropylethylamine
(DIEA) and p-cresol were purchased from Aldrich Chemical Co..
Trifluoroacetic acid was purchased from Halocarbon (River Edge, NJ).
All reagent-grade solvents (dichloromethane (DCM),N,N-dimethyl-
formamide (DMF), ethyl ether, and acetonitrile) were purchased from
Fisher. Hydrogen fluoride was purchased from Matheson Gas (Rancho

Cucamonga, CA). The followingR-hydroxy acids were purchased from
Fisher: L-lactic acid (R), L-phenyllactic acid (φ), glycolic acid (γ), (S)-
(+)-2-hydroxy-4-methylpentanoic acid (λ), and (S)-(+)-2-hydroxy-2-
methylbutyric acid ($). OtherR-hydroxy acids with appropriate side
chain protecting groups for Boc synthesis were synthesized using
previously published methods.52 Common inorganic compounds and
ultrapure guanidine hydrochloride (GuHCl) were purchased from Fisher.
TrimethylamineN-oxide was purchased from Sigma (St. Louis, MO).

Reversed-phase HPLC (RP-HPLC) was performed on a Waters
HPLC system with model 600 pumps and model 486 or 2487 detectors
with 214 and 280 nm UV detection using a Vydac C18 column. The
flow rate for analytical HPLC was 1 mL/min, while the flow rate for
preparative HPLC was 10 mL/min. The mobile phase was a gradient
from 4.9% acetonitrile, 95% water, 0.1% TFA to 95% acetonitrile, 4.9%
water, 0.1% TFA. The purified peptides were identified by ESI-MS
performed on a Hewlett-Packard LC-MS (MSD1100).

PIN WW domain variants were subjected to size exclusion chro-
matography, which was accomplished using a Pharmacia Model
UPC900/P-920 FPLC. The stationary phase was Superdex 30. The
eluant was 20 mM sodium phosphate buffer (pH 7.0, 100 mM NaCl).
The flow rate was 0.5 mL/min. The eluted peptide was collected and
dialyzed against 20 mM sodium phosphate (pH 7.0). For some
depsipeptide variants with labile ester bonds, samples were prepared
by dissolving the lyophilized depsipeptide in deionized water and
diluting with 20 mM sodium phosphate buffer (pH 7.0) to an appropriate
concentration. The concentrations of all PIN WW domain variants were
determined by UV absorbance (ε280 ) 13 940 M-1 cm-1).

Peptide Synthesis.The wt PIN WW domain and the tetramethyl-
rhodamine-labeled YSPTpSPS (CTD-S5) ligand were synthesized by
Fmoc-based solid phase peptide synthesis as previously described.48

Peptides incorporatingR-hydroxy acids were synthesized by Boc solid
phase peptide synthesis.35

CD Studies.CD spectra were recorded using an Aviv model 202SF
circular dichroism spectrometer equipped with a cell holder with a
Peltier temperature controller and a 0.2 cm path length Suprasil quartz
cell (Hellma, Forest Hills, NY). Far-UV CD spectra were recorded from
200 to 250 nm at 2 and 25°C. The wavelength step size was 0.5 nm,
and the signal averaging time was 2 s ateach wavelength step. The

Figure 7. (a) Traditional side chain mutagenesis data reveals the side chains that contribute most to thermodynamic stability as indicated by the single letter
codes in red ovals. (b) Relative stability of the A-to-E WW domain variants. The degree of destabilization caused by the A-to-E mutation is indicated by
the color of the hydrogen bonds that are perturbed. Red hydrogen bonds are most destabilized by the A-to-E substitution (>15 kJ/mol). The pink hydrogen
bond is destabilized by 12-15 kJ/mol. The remainder of the hydrogen bonds depicted in blue are only modestly destabilized (<10 kJ/mol).
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peptide sample was dissolved in 20 mM sodium phosphate (pH 7.0).
Thermal denaturation was monitored at 227 nm. The temperature range
utilized was from 2°C to 98 °C with a 2 °C step size and a 90 s
equilibration time. The signal was averaged for 30 s at each temperature.
After the highest temperature was reached, the sample was cooled to
25°C and another full CD spectrum was measured to ensure that folding
was reversible. The fraction of unfolded PIN WW domain (fu) was
determined using the baseline extrapolation method. TheTm value was
determined from the fraction unfolding curve (theTm value was taken
to be the temperature at whichfu ) 0.5) as previously described.16

Guanidinium hydrochloride (GuHCl) denaturation was accomplished
using the automated titrator accessory on the Aviv model 202SF. Two
solutions were prepared. The first being 5µM protein in 20 mM sodium
phosphate buffer at pH 7.0, and the second being 5µM protein in 7 M
GuHCl (20 mM sodium phosphate buffer at pH 7.0). The second
solution was added to the first in steps such that the denaturant
concentration of the mixture increased by 0.2 M/step while the protein
concentration remained fixed (excess solution was removed after each
step). The equilibration time was 10 min for each addition with constant
stirring. The data were collected at 227 nm with a 30 s averaging time.
The denaturation curves were analyzed assuming two-state behavior
using a previously described method.16

Fluorescence.Fluorescence measurements were carried out on an
AVIV model ATF-105 automated titrating differential/ratio spectro-
fluorometer. Emission spectra were recorded from 310 to 410 nm in 1
nm steps with excitation at 295 nm using a 1 cm× 0.6 cm cuvette.
GuHCl denaturation experiments were conducted at 2°C using 5µM
protein in 20 mM sodium phosphate (pH 7.0) and increasing GuHCl
concentration as described above (0.2 M/step). Data were converted to
ratios of the fluorescences at 342 and 355 nm (the normalized
fluorescence) to eliminate the dependence of the fluorescence on
concentration. The data were fit to a two-state model using a previously
described method.48 The fit yielded a relationship between fraction
unfolded and the normalized fluorescence, which was used as a standard
curve for the TMAO renaturation studies described below.

For A-to-E mutants that were not folded at 2°C, renaturation was
carried out in the presence of the osmolyte trimethylamineN-oxide
(TMAO). The concentrations of TMAO were determined by a previ-
ously described method.56 Experiments were conducted at 2°C using
5 µM protein in 20 mM sodium phosphate (pH 7.0) and increasing
TMAO concentration (0.2 M/step). The normalized fluorescence signals
were compared to the standard curve described above to convert the
fluorescence data to the fraction of unfolded protein. The plot of fraction
unfolded vs TMAO concentration was fitted by a previously described
method to obtain free energies of folding.28,48,55-56

1H NMR Studies. The aqueous wt or depsipeptide PIN WW domain
samples were analyzed by1H NMR using data collected on a Bruker
AMX 600 MHz spectrometer. The spectra were acquired at 10°C at
a spectral width of 9000 Hz at an operating frequency of 600 MHz
using 800 points. Spectra were referenced to the internal standard
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS; Cambridge Iso-
tope Laboratories). Sample concentrations of 500µM in 20 mM sodium
phosphate buffer at pH 7.0 (10% D2O) were employed. Water
suppression was achieved using the Watergate pulse sequence.75 The
data were processed using XWINNMR software version 6.0 (Bruker)
using a line-broadening parameter of 5 Hz.

Ligand Binding Assay. Fluorescence anisotropies of the samples
were measured on an Aviv model ATF105 automated differential/ratio
spectrofluorometer. The tetramethylrhodamine-labeled YSPTpSPS
(CTD-S5) ligand for the PIN WW domain was prepared as described
previously.48 Samples with varying concentrations of the PIN WW
domain or one of its A-to-E mutants (0, 10, 25, 50, and 100µM) and
a constant concentration of phosphopeptide ligand (10µM) in sodium
phosphate (pH 7.0) were prepared. The fluorescence anisotropies at
571 nm of these samples was measured (4 nm bandwidth, excitation
at 544 nm with a 1 nmbandwidth) and fit as a function of peptide
concentration to the following equation to obtain the dissociation
constant,Kd:

where r ) anisotropy, r f ) anisotropy of free ligand, andrb )
anisotropy of bound ligand. [P]) concentration of the PIN WW
domain, and [L]) concentration of the ligand

Analytical Ultracentrifugation. The solution molecular weights of
the peptides were evaluated by sedimentation equilibrium measurements
carried out with a temperature-controlled Beckman XL-I analytical
ultracentrifuge equipped with an An-60 Ti rotor and a photoelectric
scanner (Beckman Instruments, Palo Alto, CA). Protein samples (100
µM in 20 mM sodium phosphate, pH 7.0) were loaded in a double
sector cell equipped with a 12 mm Epon centerpiece and a sapphire
optical window. The reference compartment was loaded with the
matching buffer. The samples were monitored at 280 nm at a rotor
speed of 3000 to 40 000 rpm at 20°C and analyzed by a nonlinear
least squares approach using Origin (Microcal Software Inc., Northamp-
ton, MA). The data were fit to the Lamm equation for a single species
model

whereAr is radial absorbance,A0 is the baseline absorbance,ω is the
rotor speed (s-1), R is the gas constant (J mol-1 K-1), T is the
temperature (K), v-bar is the partial specific volume (mL g-1), F is the
density of solvent (g mL-1), r is the variable radius, andr0 is the
meniscus radius.
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r ) rf + (rb - rf)((Kd + [P] + [L]) - ((Kd + [P] + [L]) 2 -

4[P][L])) 1/2/2[P] (1)

Ar ) A0 exp[ω2/2RTM(1 - (v-bar)F)](r2 - r0
2) (2)
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