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Abstract: A central goal of protein design is to devise novel proteins for applications in
biotechnology and medicine. Many applications, including those focused on sensing and catalysis
will require proteins that recognize and bind to small molecules. Here, we show that stably folded
a-helical proteins isolated from a binary patterned library of designed sequences can be mutated
to produce binding sites capable of binding a range of small aromatic compounds. Specifically, we
mutated two phenylalanine side chains to alanine in the known structure of de novo protein S-824
to create buried cavities in the core of this four-helix bundle. The parental protein and the
Phe—Ala variants were exposed to mixtures of compounds, and selective binding was assessed by
saturation transfer difference NMR. The affinities of benzene and a number of its derivatives were
determined by pulse field gradient spin echo NMR, and several of the compounds were shown to
bind the mutated protein with micromolar dissociation constants. These studies suggest that
stably folded de novo proteins from binary patterned libraries are well-suited as scaffolds for the

design of binding sites.
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Introduction

Molecular recognition is a prerequisite for enzymatic
catalysis, biosensing, and signal transduction.
Therefore, initial steps toward the design of novel
proteins with biological functions often focus on
developing new binding sites. Such sites can be engi-
neered into pre-existing natural protein scaffolds,*™
or into proteins designed de novo.>'* In general,
two approaches are used to produce novel binding
proteins: (i) In some cases, researchers use princi-
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ples of rational design to engineer hydrophobic pack-
ing and buried polar interactions in the core of a
protein to facilitate binding of a small molecule.’815
(ii) Alternatively, high throughput methods, such as
phage display or mRNA display, can be used to find
rare binding proteins amidst large combinatorial
libraries of nonbinding sequences.'6~1®

The hydrophobic core of a protein is generally
well packed, with few cavities. Previous studies
showed that creation of new cavities in a protein
core can produce binding sites where small mole-
cules can bind. In particular, mutations in which a
bulky residue, such as leucine or phenylalanine, is
replaced by a small residue such as alanine can pro-
duce buried cavities capable of binding small mole-
cules.'® For example, mutation of Leu99 to Ala in T4
lysozyme produced a cavity volume of ~150 A3,
which bound benzene (96 A®). This binding also led
to increased protein stability.

The sizes and shapes of cavities engineered into
the core of a protein depend on several factors such

Published by Wiley-Blackwell. © 2011 The Protein Society



Figure 1. (Left) NMR structure of protein S-824. The yellow circle highlights the region where there is a kink in the helix and a
missing hydrogen bond. (Right) Residues involved in the central layer of the protein S-824, which leads to overcrowding in

this region.

as the local geometry, whether or not a cavity al-
ready exists near the site of substitution, and the
extent to which the protein structure relaxes to
occupy the space vacated by the mutated residue.
The binding of polar molecules typically requires
extensive complementarity between the ligand and
the site, with specific interactions involving electro-
static interactions and hydrogen bonding.?° In con-
trast, it may be relatively easy to devise binding
sites for nonpolar molecules in the hydrophobic inte-
rior of a protein. Since binding at nonpolar sites is
governed by hydrophobicity and steric interactions,
a binding site can sometimes be created simply by
truncating a buried residue that leaves behind an
environment that is sterically complementary to the
deleted side-chain.?!

Four-helix bundles provide a simple and useful
motif for the introduction of novel binding sites. We
previously reported the design of three libraries of de
novo four-helix bundles. These libraries were based
on the binary code strategy for protein design, which
posits that appropriate patterning of polar and non-
polar residues can suffice to specify the overall fold
of a simple globular structure.??2% We showed previ-
ously that several proteins from our libraries bind
heme and display rudimentary enzymatic activ-
ities.23! Recently, we showed that de novo proteins
from a binary patterned library of sequences function
in E. Coli and enable the growth of living cells.??

The solution structures of two of our de novo
proteins, S-824 and S-836, were determined by NMR,
and both structures have well packed cores similar to
natural proteins.?® The hydrophobic core of protein
S-824, however, is so well packed that it appears
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overcrowded. This crowding leads to several struc-
tural defects, including a kink in the third helix, and
the solvent exposure of a phenylalanine side chain
(Phe93). Although it is difficult to pinpoint residues
responsible for these defects, the close proximity of
two phenylalanines (Phe64 and Phe93) at the same
layer in the bundle seems to play a role (Fig. 1). To
test whether alleviation of this crowding might affect
protein stability and/or facilitate small molecule bind-
ing, we mutated Phe64 and/or Phe93 to Ala. Interest-
ingly, although these mutations did not increase pro-
tein stability, they endowed the protein with an
enhanced ability to bind small aromatic molecules.

Results and Discussion

Two large hydrophobic phenylalanine residues in
the central layer of the de novo four-helix bundle S-
824 were mutated from Phe to Ala. The F64A and
F93A mutations were made individually, and as the
F64A/F93A double mutant. To assess the effects of
these Phe—Ala mutations on protein stability, the
proteins were characterized structurally and ther-
modynamically. Structural perturbation was probed
by 1D proton NMR. Stably folded structures typi-
cally give rise to well dispersed spectra with rela-
tively sharp peaks. Good dispersion indicates that
different parts of the protein occupy unique chemical
environments, as observed for well-ordered native
structures. The spectra of the four de novo proteins
are shown in Figure 2. The parental protein S-824
and the mutant F64A show better dispersion (in the
amide region and the methyl region) than either
F93A or F64A/F93A. We chose not to characterize
the double mutant further because poor dispersion
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Figure 2. 1D proton spectra of amide (left) and methyl
(right) regions of the parental protein S-824, and mutants
F64A, FO3A, and F64AF93A.

and broad peaks in its spectrum suggests that per-
turbation of the hydrophobic core caused a dynamic
structure that would unlikely to form a binding site
capable of distinguishing between similar molecules.
Moreover, for practical reasons, poor dispersion and
broad peaks render this protein difficult to charac-
terize with the NMR methods described below.

We used circular dichroism (CD) spectroscopy to
compare the a-helicity and thermodynamic stability of
the mutants to the parental protein, S-824. CD spec-
tra showed the o-helicity of mutants F64A and F93A
are about 15% lower than S-824 (data not shown).
Thermal denaturation curves of S-824 and both
mutants showed the cooperative profiles typical of
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native proteins. Although the melting temperatures of
the mutants are slightly lower than that of S-824, all
three proteins are quite stable with denaturation
midpoints above 65°C [Fig. 3(A)]. Chemically induced
denaturation with guanidine hydrochloride (GdmHCI)
also showed that all three proteins are stable and co-
operative [Fig. 3(B)]. In agreement with the thermal
melts, the chemically induced denaturations showed
that both Phe—Ala mutations slightly reduced stabil-
ity. F93A destabilized the protein by 0.5 kcal/mol,
while F64A destabilized the protein by 2.0 kcal/mol.
These results are consistent with the fact that residue
93 is exposed, and so its mutation would perturb the
structure to a lesser extent than alterations at residue
64, which is buried.

The structures of mutants F64A, F93A, and
F64A/F93A were calculated based on the known
structure of the parental protein, S-824. We used
MODELLER and SWISS PDB Viewer and MODEL-
LER to calculate and view the structures respec-
tively.?42® We then used CASTp®**2 to estimate the
size of cavities and pockets in protein S-824 and its
mutants. (Predictions by Q-site pocket finder*® agree
well with those by CASTp). Protein S-824 is well
packed and has no cavities or pockets large enough
to bind aromatic compounds. Likewise, the calcu-
lated structure of mutant F93A has no cavities/pock-
ets larger than 45 A®. Residue 93 is exposed to the
solvent in the structure of S-824; therefore, the
Phe93—Ala mutation did not produce a significant
cavity/pocket. In contrast, the F64A mutant and the
double mutant (F64A/F93A) show one large cavity/
pocket (Fig. 4). This cavity is near the mutated resi-
due 64 and has a calculated volume of 133 A® in
both F64A and F64A/F93A.

Based on the modeling described above, we
expected mutant F64A would bind small aromatic
molecules more effectively than the parent protein,
S-824. To test whether the proteins actually bind
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Figure 3. (A) Thermal denaturation of mutant F64A (green triangles), F93A (black squares), and protein S-824 (red diamonds).
Data from different proteins were brought to scale by normalizing each individual protein by its own ellipticity at 0°C. (B)
GdmHCI denaturation curves of F93A (black squares), F64A (green triangles), and S-824 (red diamonds). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Predicted structure of the cavity in the F64A
mutant. The known structure of parental protein S-824 was
used as starting point and SWISS PDB viewer and
MODELLER were used to predict the effects of the F64A
mutation. CASTp was used to determine the cavities and
pockets in the modeled structure of the F64A mutant.
Residues surrounding the cavity are shown in space filling
representation. These residues are L12, V40, 144, K56, L57,
M60, M61, A64, Q65, 189, K90, 192, A93, and L96. The
predicted volume of this cavity is 133 A3,

these compounds, we used saturation transfer differ-
ence (STD) NMR. STD is a double resonance method
used to probe low affinity interactions (Kp = 105
1072M) between ligands and proteins.** % In this
technique, the hydrogens on a protein are saturated
by irradiating a spectral region that contains broad
resonances of the macromolecule, but is free of any
signals from the small molecule. Spin diffusion
causes the saturation to propagate rapidly through-
out the protein and to any bound ligands. This
causes an attenuation of the signal of the unbound
small molecule in proportion to its binding charac-
teristics. The STD NMR technique involves compar-
ing the 'H NMR spectrum of a solution of protein
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and ligand probed with either on-resonance (/,,) or
off-resonance (I.¢) irradiation. A difference spectrum
is generated by subtracting the off-resonance from
the on-resonance spectrum (Al = I,, — I.). The
magnetization of a bound ligand is partially satu-
rated, which is transferred to the free ligand by
exchange. The difference spectrum shows the signals
of the compounds that bind the protein.

Because we are interested in eventually using
this technique as a high throughput screen to probe
libraries of small molecules for binding to our de
novo proteins, we assayed binding using mixed
samples containing several compounds in “one pot”
experiments. The compounds were divided into five
groups such that within each group, each compound
produces at least one unique chemical shift that can
be used as a signature for its detection amidst the
mixture.

Two representative STD-NMR spectra are
shown in Figure 5. Such spectra were used to iden-
tify which small molecules in each of our mixtures
bound to proteins S-824 and F64A. The results are
summarized in Table I: Toluene, benzene, p-cresol,
2,4,6-trimethoxytoluene, and m-xylene bind to F64A
but not to S-824. Cyclohexane and p-xylene bind to
both proteins. To confirm binding, we subtracted the
difference spectra at 1 s saturation time from differ-
ence spectra at 3 s. The resulting spectra show
ligands that bind to the protein.

As summarized in Table I, F64A binds several
aromatic molecules. Most of these compounds are
hydrophobic, including benzene, toluene, p-xylene,
and m-xylene. However, F64A also binds 2,4,6-trime-
thoxy toluene, which is somewhat polar, and p-cre-
sol, with its polar hydroxyl group capable of forming
H-bonds. Presumably, these compounds bind in a
pocket that is partially exposed to solvent, thereby
allowing the polar substituents to interact with
water.

In the STD experiments, the solubility of the
small molecule in aqueous solution plays an impor-
tant role in what is visible in the spectrum. More-
over, the strength of the binding (Kd) is not always
reflected in the strength of the STD signal. There-
fore, we used PFGSE (pulse field gradient spin echo)
NMR*"® to measure the affinities of several of the
small molecules to proteins S-824 and F64A.

Assuming the protein (P) and ligand (L) are in
rapid equilibrium, the dissociation constant (Kp) of
the protein/ligand complex (PL) is given by the fol-
lowing equation.

Kp = [PI[LI/[PL] (1)
In this equation [P] = [Ply — [PL] and [L] = [Llp —
[PL] where [Plt and [L]y are the initial total concen-

trations of the protein and ligand, respectively. In
analyzing this system, we assumed (i) binding is a
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Figure 5. Representative saturation transfer difference (STD) NMR difference spectra (Al) of compounds interacting with
proteins S-824 and F64A. In this group of organic compounds, F64A binds benzene, m-xylene and cyclohexane, while protein

S-824 binds cyclohexane.

first order, reversible, and rapid; (ii) all binding sites
are independent; and (iii) all binding interactions
have the same equilibrium constant Kp.To solve for
Kp, we need only to determine the concentration of
[PL]. This can be determined from diffusion
experiments.

The diffusion coefficient of a molecule depends
on its size and shape.?® Small molecules move rap-
idly, while large molecules move slowly. A small mol-
ecule bound to a large molecule diffuses slowly with
its host. When experiments are performed at a high
ratio of protein to ligand, one can readily determine
the amount of PL from its diffusion behavior. The
observed diffusion coefficient (Dopg) for a ligand
bound to protein is the mole fraction weighted aver-
age of the free and bound states of the ligand as
shown below. (Note that mole fractions add up to
unity: ypr, + X = 1

Dogs = %1.D1 + 2pr.DrL (2)
xpL = (Doss — DL)/(Dpr, — DL) (3)
xpL, = (Doss —Dv)/(Dp — Dv,) 4)

Kp = (1 — xpL)(Pr — xprLT) (5)
XPL
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Here, Dops is a weighted average of the diffusion
coefficient for the free ligand, Dy, and that of the
protein-ligand complex, Dpy,. %1, is the mole fraction
of the ligand and ypy, is the mole fraction of the pro-
tein/ligand complex. Equation 5, which is used to
determine the binding constant, is modified from
Egs (1) and (2). An advantage of this approach is
that Dpr, is not an unknown quantity. Because the
association of a small molecule with a protein does
not change the diffusion coefficient of the protein
appreciably, it is reasonable to assume that Dp;, =
Dp. Hence, titrations are not required, and Kp can
be derived from a single experiment.?°

The diffusion coefficients can be extracted from
the PFGSE NMR experiment.*”°%?! To calculate the
diffusion coefficient, a series of 1D proton NMR spec-
tra of the protein-ligand system is recorded while
systematically varying the gradient field strength (g)
(Fig. 6).

Intensities are recorded for several characteris-
tic peaks, which are chosen because they do not shift
in frequency or broaden too much. For the same
change in field strength, the intensity of the small
molecule peaks diminishes quickly compared to the
protein peaks. This is because small molecules

Binding of Small Molecules to a Designed Protein



Table I. Compounds that were screened for binding to
F64A and S-824 using the STD method at on-resonance
tuned to 0.35 ppm

Results of screening
for binding to protein

Ligand F64A S-824
Group I

Toluene Yes No
Phenol No No
Dioxane No No
Pyridine No No
1,3,5-Trichlorobenzene No No
Group I1

p-Cresol Yes No
1,3,5-Trimethylbenzene No No
Benzene Yes No
2,4,6-Trimethoxytoluene Yes No
Group III

p-Xylene Yes Yes
0-Xylene diamine No No
1,3,5-Triethyl benzene No No
Imidazole No No
Group IV

1,3,5-Triethylbenzene No No
p-Xylene No No
Todo benzene No No
p-Cresol Yes No
Group V

Cyclohexane Yes Yes
m-Xylene Yes No
Benzene Yes No

diffuse far more rapidly than proteins (or protein
ligand complexes).

The variation of peak intensity with the chang-
ing field strength g is related by the Stejskal-Tanner
equation:

InI = —v%g?6%(A — 8/3)D (6)

(a)

Benzene Peak (7.4 ppm)

Table II. Kj of benzene binding was determined for
S-824 and its mutants

Benzene + Protein Kp (M)
S-824 7 x 1073
F93A 2 x 1072
F64A 2 x 107*
F64AF93A 3x10°°

Here, I is the intensity of the peak, y is the gyro-
magnetic ratio (26750 rad g ' s7! for 'H), & is the
duration of the gradient pulse (1.5 ms), and A is the
interval between gradient pulses (100 ms and 300
ms for 'H in two different sets of experiments). The
field strength g (gauss/cm) is systematically varied
over the experiment. D is the translational diffusion
coefficient and is obtained from the slope of the lin-
ear plot of In I vs. —y%g%5% (A — 3/3).

Values of Kp determined by PFGSE NMR are
summarized in Tables II and III. These data show
that although binding of benzene is relatively weak
for all four proteins, it binds 35-fold more strongly to
mutant F64A than to the parent protein, S-824. This
is consistent with the prediction of a large cavity in
F64A, but not in S-824. (Weak binding to S-824 can
be attributed to nonspecific interactions with aro-
matic residues in S-824, as shown by H,N-HSQC-
data not shown). The weak binding to F64A/F93A
could be attributed to the presence of large pockets,
which might lead to incomplete sequestration of the
benzene.

As described above, and summarized in Table I,
the STD-NMR experiments showed that F64A also
bound several derivatives of benzene. In particular,
F64A bound methyl substituted benzenes. We used
PFGSE NMR to determine the binding affinity of
several of these compounds to both F64A and S-824.
The results, summarized in Tables IT and III, show

(b)

o

Increasing
Gradient Field
Strength

Methyl Region

Figure 6. (A) The benzene peak at 7.4 ppm is monitored with changing field strength for a benzene-protein system. (B) The
protein peaks monitored at methyl region with changing field strength for a benzene-protein system. The peaks become
smaller as the gradient field strength increases from top to bottom. The value of the gradient field strengths from top to
bottom are 5.53, 14.39, 23.23, 32.08, 40.93, 49.78, and 58.62 Gauss/cm respectively. For the same change in gradient field
strength, in (A) the benzene peaks diminishes quickly while in (B) the protein peaks diminish slowly.
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Table III. The binding constant for F64A and S-824
interacting with several ligands were determined using
PFGSE diffusion methods

Binding dissociation = Binding dissociation

Ligand constant (M) S-824 constant (M) F64A
Benzene 7% 1072 2 x 107
Toluene 1x 102 2x10°°
Cyclohexane 8 x 1073 15 x 107*
p-Cresol 9x 1072 8 x 1072
p-Xylene 5% 1073 8.6 x 107
m-Xylene 7 x 1073 6.1 x 1077

that all aromatic molecules tested bind S-824 with
millimolar dissociation constants. Binding to the
F64A mutant is considerably stronger, with several
compounds having Kp values near or even below 1
M. Thus, the replacement of a large aromatic side
chain (Phe) in the hydrophobic core of this four-helix
bundle with a smaller side chain (Ala) has produced
a cavity that is well-suited for binding a range of
hydrophobic aromatic compounds.

Conclusions

The field of protein design has two main goals:
Design for structure and design for function. Our
laboratory has approached the first task (structure)
in an unusual way: Rather than designing proteins
atom-by-atom, we developed a general approach
using a binary code strategy to design and construct
large collections of novel sequences that successfully
fold into stable three-dimensional structures.2%33
These collections of folded proteins can now be used
as a feedstock for the development of new functions,
both in vitro®™2%%! and in vivo.??

Most types of protein function require binding to
another molecule. In many cases, the binding partner
is a small organic compound that becomes sequestered
in a cavity or pocket in the interior of the protein. Our
collections of de novo four-helix bundles were not ex-
plicitly designed to have such binding sites; however,
we reasoned that many of our binary patterned pro-
teins might be sufficiently stable to allow such cavities
to be engineered into their structures. In particular,
protein S-824, shown previously to have a well-ordered
three-dimensional structure and high thermal stability,
seemed like an ideal candidate to test this hypothesis.
Inspection of the structure of S-824 suggested two
phenylalanine side chains that could be truncated to
alanines without disrupting the structure (and which
might even increase stability). We constructed three
mutant proteins. Although the double mutant, F64A/
F93A, seems to form a dynamic molten globule, each of
the single mutations was tolerated reasonably well.

Computational analyses predicted that F64A
would have a cavity large enough to bind benzene or
other small aromatic compounds. To test the accuracy
of these predictions, we used STD-NMR to search for
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binding partners among mixtures of aromatic com-
pounds. Binding constants calculated from diffusion
coefficients determined by PFGSE-NMR showed that
protein F64A binds p-xylene and m-xylene with
micromolar affinity. These studies suggest that stably
folded de novo proteins from binary patterned libra-
ries are well-suited as scaffolds for the design of
ligand binding sites. The approaches described here
can be extended toward the design of sites for transi-
tion state analogues, and may ultimately yield de
novo proteins with novel catalytic activities.??

Materials and Methods

Protein expression and purification

Protein S-824 and its mutants F64A, F93A, and
F64A/F93A were expressed and purified using meth-
ods similar to those described previously.?*°>%* DNA
encoding protein S-824 was mutated using PCR. The
sequence of each mutant was checked by DNA
sequencing and the expected mass of each protein was
confirmed by mass spectroscopy. Each modified
sequence was cloned into plasmid pET11a (Novagen).
Proteins were expressed in E. coli strain BL21 (DE3)
grown in 2xYT medium. Protein was extracted from
the cells using the freeze-thaw method®® and then
solubilized in 100 mM MgCl,. Cellular contaminants
were removed by acid precipitation in 50 mM sodium
acetate buffer (pH 4.2). The resulting supernatant
was loaded onto a POROS HS cation exchange column
(PerSeptive Biosystems) and eluted using a gradient
of NaCl from 0 to 1.5 M. Purified protein was concen-
trated and exchanged into buffer using Centricon
Plus-20 filters (Millipore). The monomeric state of the
protein was confirmed using size exclusion chromatog-
raphy (Superdex 75 HR/10/30—Pharmacia) in 50 mM
sodium phosphate buffer pH 7.4, 100 mM NaCl. The
concentration of protein was measured by UV spec-
troscopy at 280 nm using a Hewlett Packard 8452A
diode array spectrophotometer. The extinction coeffi-
cient used is 6990 M cm ™.

CD and denaturation experiments
CD measurements were performed at 20°C in 10
mM phosphate buffer (pH 6.8), 40 mM NaF using an
Aviv model 62 DS spectropolarimeter. Mean residual
ellipticity is calculated by: MRE = (6obs x MWR/10
cl) where MWR is the mean molecular weight per
residue, c is the concentration of the protein in mg/
mL and [/ is the path length in cm.

Thermal denaturation was monitored by record-
ing the ellipticity at 222.0 nm every 2°C from 0°C to
98°C with 1 min equilibration time for each point.

GdmHCI-induced denaturation

Protein samples containing various concentrations of
GdmHC] were incubated for at least 2 h before
measurements were taken. Data were recorded in 50

Binding of Small Molecules to a Designed Protein



mM sodium phosphate buffer (pH 7.0) at 20°C. The
free energy of folding, AG, was derived as described
previously.®®

Preparation of labeled protein sample for NMR
Uniformly 15N-labeled protein sample was prepared
by growing cells in M9 minimal media supplemented
with 1 g/L ['*N] NH,Cl and 10 g/L glucose as the
sole nitrogen and carbon sources.’® Protein was
purified as described before. The extent of isotope
labeling was checked for the '®N-labeled sample by
comparing the observed mass (by mass spectroscopy)
with that expected from the sequence. The protein
was determined to be >98% labeled. Sample concen-
tration was ~2.0 mM as determined by absorbance
at 280 nm. The purified protein sample was
exchanged into a NMR buffer (50 mM sodium ace-
tate buffer, pH 4.2 at 25°C, 10% D>0).

Preparation of NMR samples for STD-NMR
experiments

The NMR samples were made with 10% D,O in 50
mM sodium phosphate buffer at pH 7.4. The sam-
ples were transferred in low volume NMR (Shigemi)
tubes to prevent the evaporation of volatile mole-
cules from the sample during study. Protein concen-
tration was ~0.2 mM while total ligand concentra-
tion of the mixture was ~100 mM.

PFGSE NMR

Multiple samples were prepared in order to deter-
mine the diffusion coefficient. First, the ligand was
added to the protein, vortexed, and spun down to
remove excess ligand. Then the ligand is considered
at saturated concentration depending on the solubil-
ity of the ligand. Second, the protein-ligand solution
is diluted to various concentrations using another
protein solution of the same concentration.

The solubilities of the ligands were obtained
from literature or calculated from 1D NMR spectra
of the ligand and dioxane in water using the follow-
ing equation.

M. _ MDioxane X I1\ITLigamd x 4
Ligand = TNThioxane x (No. of Protons of Ligand)

Here, My gana is the molarity of the ligand, Mpioxane
is the molarity of dioxane, and INT are the integrals
of the peak of ligand and dioxane. All experiments
for PFG studies for ligand binding were conducted
at 25°C using a Varian Unity/INOVA 600 MHz
spectrometer.

Pulse sequence of PFG-NMR

In the basic sequence of pulse field gradient spin-
echo technique, a 90° RF (radio frequency) pulse
transfers magnetization to the xy plane where the
magnetization dephases. A 180° refocusing pulse
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produces a spin echo after an appropriate interval.
Only spins that have undergone no net displace-
ment during the interval & (duration of the gradi-
ent pulse) refocuses and hence the intensity of the
echo amplitude is related to diffusion by equation
6. 'H pulsed field gradient (PFG) experiments were
run for each sample beginning at 1.11 G/cm and
continuing in increments of 4.42 G/cm for 15 steps
(up to 63.06 G/cm) of 1.5 min duration each. The
characteristic ligand signal was monitored for the
ligand alone (D) and protein plus ligand (Dogs),
and the 'H methyl signals at ~0.9 ppm were moni-
tored for the protein alone (Dp) and protein plus
ligand (Dpr,). The internal standard for measuring
the diffusion coefficients was acetate, which did not
bind to the protein and showed a constant diffusion
value.

Modeling

The mutant structure was calculated using MODEL-
LER and the Swiss PDB viewer mutation tool. The
resulting structure was minimized using GROMOS
43B1 force field (built in tool in Swiss PDB viewer).
The resulting coordinates were input into the
CASTp program to estimate the sizes of pockets and
cavities.
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