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Abstract

We previously reported the construction of a family of reagentless fluorescent biosensor proteins by the
structure-based design of conjugation sites for a single, environmentally sensitive small molecule dye, thus
providing a mechanism for the transduction of ligand-induced conformational changes into a macroscopic
fluorescence observable. Here we investigate the microscopic mechanisms that may be responsible for the
macroscopic fluorescent changes in such Fluorescent Allosteric Signal Transduction (FAST) proteins. As
case studies, we selected three individual cysteine mutations (F92C, D95C, and S233C) of Escherichia coli
maltose binding protein (MBP) covalently labeled with a single small molecule fluorescent probe, N-((2-
iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole (NBD), each giving rise to a robust
FAST protein with a distinct maltose-dependent fluorescence response. The fluorescence emission intensity,
anisotropy, lifetime, and iodide-dependent fluorescence quenching were determined for each conjugate in
the presence and absence of maltose. Structure-derived solvent accessible surface areas of the three FAST
proteins are consistent with experimentally observed quenching data. The D95C protein exhibits the largest
fluorescence change upon maltose binding. This mutant was selected for further characterization, and
residues surrounding the fluorophore coupling site were mutagenized. Analysis of the resulting mutant
FAST proteins suggests that specific hydrogen-bonding interactions between the fluorophore molecule and
two tyrosine side-chains, Tyr171 and Tyr176, in the open state but not the closed, are responsible for the
dramatic fluorescence response of this construct. Taken together these results provide insights that can be
used in future design cycles to construct fluorescent biosensors that optimize signaling by engineering
specific hydrogen bonds between a fluorophore and protein.

Keywords: biosensors; protein design; periplasmic binding proteins; maltose binding protein; fluorescence;
allosteric mechanism

Facile detection of small molecules in situ has applications
in such diverse areas as cell biology, medicine, environmen-
tal sciences, and defense (Turner 1994; Wolfbeis 2002).
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Central to this analytical technology is a molecular recog-
nition element that binds to a specified analyte and trans-
duces this binding event into a readily detectable physical
observable such as a change in fluorescence or electro-
chemical behavior (Turner 2000). A variety of different
molecular scaffolds have been explored for this purpose,
including macrocycle chemosensors (deSilva et al. 2001),
imprinted polymers (McQuade et al. 2000), coupled en-
zymes (Scheller et al. 2001; Subrahmanyam et al. 2002),
immunoassays (Luppa et al. 2001), RNA aptamers (Burg-
staller et al. 2002), transmembrane pores (Bayley and Mar-
tin 2000), metallo-enzymes (Thompson et al. 1998, 2002),
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bacterial receptor proteins (Gilardi et al. 1994; Brune et al.
1998; Tolosa et al. 1999; Dattelbaum and Lakowicz 2001;
de Lorimier et al. 2002; Shrestha et al. 2002; Salins et al.
2004), and macromolecular assemblies (Miyawaki and
Tsien 2000; Fehr et al. 2002).

Ideally, a molecular sensor is reagentless, such that the
sensor composition remains invariant during the measure-
ment, which is not the case for sensors based on enzymes or
competitive binding assays. Systematic development of re-
agentless protein sensors requires that two fundamental
mechanistic problems in structural biochemistry be solved.
First, a thermodynamic linkage relationship between two
sterically separated sites must be established to couple a
reporter group to a ligand-binding site. Second, the ligand-
binding affinity and specificity must be manipulated to cre-
ate a sensor or family of sensors with appropriate dynamic
range for the specified application and little or no interfer-
ence from nontarget ligands (Hellinga and Marvin 1998).
The optimization of biosensor ligand-binding affinity and
specificity has been addressed in some detail (Gilardi et al.
1994; Dattelbaum and Lakowicz 2001; Marvin et al. 2001;
Millet et al. 2003), including the radical computational re-
design (Marvin and Hellinga 2001; Dwyer et al. 2003;
Looger et al. 2003; Allert et al. 2004) or de novo design
(Hellinga et al. 1991) of ligand-binding sites. The construc-
tion of a thermodynamic linkage between ligand binding
and fluorescence (Gilardi et al. 1994; de Lorimier et al.
2002; Fehr et al. 2002) or electrochemical (Benson et al.
2001) properties has been facilitated by the determination of
both apo- and ligand-bound protein structures, which allows
the ranking of residues in terms of ligand-dependent dis-
tance changes (Marvin et al. 1997), or changes in solvent
accessibility (Dattelbaum and Lakowicz 2001). However,
most successful biosensor linkages in terms of both attach-
ment site and fluorophore choice have been discovered by
inspection or serendipity.

The Escherichia coli maltose binding protein (MBP) is a
monomeric, soluble periplasmic protein involved in the
transport of and chemotaxis toward maltose (Gerstein et al.
1994; Quiocho and Ledvina 1996). MBP is a member of the
bacterial periplasmic binding (PBP) superfamily, which in-
cludes proteins with specificity for carbohydrates, amino
acids, vitamins, oligopeptides, metals, and anions (Higgins
1992; Dwyer and Hellinga 2004). Previously, we reported
the construction of rationally designed mutants of MBP, in
which the behavior of a covalently attached fluorophore is
allosterically coupled to ligand binding (Marvin et al. 1997).
Proteins exhibiting such a Fluorescent Allosteric Signal
Transduction (FAST) mechanism were constructed through
the in vitro modification of single-cysteine mutants. Here,
we further elucidate the microscopic mechanisms by which
these fluorophores may transduce ligand-binding events
into macroscopic observables. Site-directed mutagenesis
and fluorescence data were used to investigate how local

conformational changes at three distinct fluorophore cou-
pling sites in MBP affect the environmentally sensitive fluo-
rophore JANBD. Study of the underlying molecular mecha-
nisms by which ligand-mediated conformational changes
affect the behavior of reporter group conjugates will help to
complete a protein design cycle, in which experimental data
and molecular modeling together may be used to improve
the future rational design of fluorescent protein biosensors
that incorporate conjugated fluorophores.

Results

Steady-state fluorescence of allosterically linked sites

Analysis of the high-resolution crystal structures of the
maltose-free (apo) and maltose-bound (holo) forms of MBP
has identified three sites on the surface of the protein that
undergo local structural changes in concert with ligand-
mediated global domain movement (Fig. 1; Marvin et al.
1997). Phe92, Asp95, and Ser233 are sterically separated
from the maltose-binding site and reside in surface crevices
located at the interface of the N- and C- terminal domains.
By using site-directed mutagenesis, three single cysteine
mutants were constructed at each position. Upon covalent
coupling of the environmentally sensitive fluorophore
NBD, changes in the fluorescence properties were observed
upon titration with increasing amounts of maltose (0-200
pM) (Fig. 2; Marvin et al. 1997). While the F92C-NBD
protein displays a 20% decrease in fluorescence emission
intensity upon the addition of maltose, mutations at D9SC
or S233C produce an increase of 440% and 200%, respec-
tively. No effect on NBD fluorescence was measured fol-
lowing incubation of a free fluorophore NBD-DTT adduct
with 200 wM maltose, indicating that the observed changes
in fluorescence are protein mediated.

Figure 1. Three-dimensional X-ray crystal structures of the E. coli MBP.
The structures of apo (PDB code 10MP) and maltose-bound (1ANF) MBP
are shown on the left and right, respectively. N-terminal domain indicated
by green; C-terminal domain, blue; hinge residues, purple; and Phe92,
Asp95, and Ser233, red sticks. Figure generated with PyMOL (DeLano
2002).
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Figure 2. Normalized fluorescence spectra of F92C-NBD, D95C-NBD,
and S233C-NBD FAST proteins: no maltose, solid line; 200 wM maltose,
dashed line. Measurements were performed in 20 mM MOPS (pH 6.9) and
150 mM NaCl at 25°C.

Table 1 summarizes the fluorescence and ligand-binding
properties for each of the three fluorescently labeled pro-
teins in the presence and absence of maltose. The maltose-
binding affinities of the three FAST proteins fall in the
range of 0.6—7 uM, consistent with previously determined
values (Marvin et al. 1997). While FO2C-NBD displays
only a modest decrease in emission intensity upon the ad-
dition of 200 wM maltose, it produces the largest red shift
(12 nm) in emission maximum.

Conformational flexibility of covalently attached
NBD in the labeled MBP mutants

For fluorophores covalently bound to proteins, fluorescence
anisotropy may be used to compare the steady-state (equi-
librium) distribution of different conformational states (La-
kowicz 1999). Additionally, anisotropy is a useful observ-
able for biosensing strategies, because it is inherently ratio-
metric (Thompson et al. 1998). The steady-state anisotropy
(r¢s) was measured for the labeled MBP mutants with and

286 Protein Science, vol. 14

without saturating maltose (Table 1). Sites F92C and S233C
exhibit small changes in NBD anisotropy; the D95C-NBD
protein displays the largest increase in anisotropy (0.045)
upon the addition of maltose, indicating that the NBD mol-
ecule has a significantly lower rate or extent of rotational
diffusion, consistent with decreased conformational flex-
ibility in the apo state, relative to the holo in this mutant.

Solvent accessibility of MBP allosteric mutants

The choice of fluorophore attachment sites in this study was
guided by molecular modeling studies, through analysis of
the inter-C, distance changes between the open and closed
forms of MBP (Marvin et al. 1997). We and others have
shown that residues that experience large conformational
changes in response to ligand binding typically demonstrate
significant changes in the fluorescent properties of probes
covalently tethered at such locations (Dwyer and Hellinga
2004). In order to develop predictive methods for the ratio-
nal selection of fluorophore attachment sites, we investi-
gated the extent to which solvent accessibility may contrib-
ute to the allosteric linkage of ligand binding and to the
fluorescence properties of environmentally sensitive dyes at
each of these sites. By using the Lee-Richards algorithm
(Lee and Richards 1971; Richards 1977) as implemented in
the DEZYMER software suite, the solvent accessible sur-
face area (SASA) for each residue was calculated in each
conformational state (Table 2). While moderate increases in
SASA were modeled for F92C and D95C in the closed,
relative to the open, state, a significant decrease in solvent
accessibility was calculated for S233C.

Solvent effects dominate the signaling
of F92C-NBD and S233C-NBD

Stern-Volmer (SV) iodide quenching experiments were
used to correlate experimental and predicted changes in sol-
vent accessibility for each FAST protein (Fig. 3; Table 2).

Table 1. Spectroscopic properties of FAST proteins

N (nm)? 1™
Mutation ~ Nomal  Sat. mal® Nomal  Sat. mal® K, (WM)*
F92C 526 538 0.283 0.266 0.63
D95C 536 534 0.220 0.265 1.2
S233C 544 540 0.181 0.188 7.1

# Fluorescence emission (\) and steadystate anisotropy (r,,) were measured
as described in Materials and Methods.

® Measurements are averages of three trials. The error for ry is +0.004
units.

¢ Calculation of maltose-binding affinity was performed using steady-state
intensity data (Fig. 3) fit to a single-site binding isotherm (de Lorimier et
al. 2002).

4200 WM maltose.
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Table 2. Solvent accessibility of the FAST proteins

Calc. SASA <Tp>
Mutation (A% Ksy M) (ms)*  k, M7' 57" x 109)°
F92C 195 0.96 1.22 0.8
F92C + mal 219 2.78 1.36 2.0
D95C 171 2.6 1.9 1.4
DI5C + mal 207 3.17 1.7 1.8
$233C 222 2.72 0.23 11.8
$233C + mal 154 3.54 0.64 5.5

#The error in the measurements was taken to be 8¢ = 0.06 and dm =
0.007 for the phase and modulation, respectively. Average lifetimes were
calculated using <tp> = fi1,

® The bimolecular quenching constant, kg, was calculated according to: kg
= Kgy/<Tp>.

F92C-NBD displays a 12-m red shift in emission maximum
upon the addition of maltose (Table 1), the most significant
spectral shift of the three proteins. The SV- and bimolecu-
lar-quenching constants also increase significantly upon
maltose addition (Table 2). The observed spectral data (red
shift, emission intensity decrease, increased bimolecular-
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Figure 3. Stern-Volmer quenching plots for the apo- and maltose-bound
MBP mutants. Iodide (0-300 mM) was used to quench fluorescence of
NBD-labeled MBP mutants. Measurements were performed in 20 mM
MOPS (pH 6.9) with constant ionic strength (500 mM), and 1 mM
Na,S,0; was used as reducing agent.

quenching constant) are therefore consistent with a pre-
dicted change in solvent accessibility for this mutant (12%
increase), suggesting a more solvent-exposed position for
the fluorophore in the closed, relative to the open, state.

While the solvent accessibility of S233C-NBD was pre-
dicted to decrease by 31%, only minor changes were ob-
served in emission maximum and in the SV-quenching con-
stant. However, the average fluorescence lifetime of the
NBD at this position increases threefold upon the addition
of maltose, resulting in a halving of the bimolecular-
quenching constant (Table 2). The experimental data (blue
shift, emission intensity increase, decreased bimolecular-
quenching constant) are therefore also consistent with a
change (decrease) in solvent accessibility of the conjugated
fluorophore upon ligand binding.

The D95C-NBD protein exhibits the largest increase in
emission intensity upon maltose binding of the three mu-
tants (Table 1) but shows no significant change in fluores-
cence lifetime, or SV- or bimolecular-quenching constants
(Table 2). Taken together with the absence of a fluorescence
wavelength shift (Table 1), these data suggest that the in-
teractions between the fluorophore and its environment can-
not be rationalized in terms of solvent exposure.

Hydrogen bonding interactions dominate
the D95C-NBD signaling mechanism

To further investigate the mechanistic origin for the fluo-
rescent response of MBP D95C-NBD, a simple model of the
conformational flexibility of the NBD fluorophore, in the
context of the open, and the closed, forms of MBP, was
generated (Materials and Methods) using a van der Waals
term (Street and Mayo 1999) to model steric interaction
factors (Fig. 4). This model was generated using a simple
representation of internal fluorophore flexibility, omitting
protein main-chain flexibility, a rotameric model of side-

Figure 4. Structural model of the D9SC-NBD reporter site, in open and
closed conformational states. The model of the NBD-cysteine conjugate is
shown colored by atom type (carbon, black; oxygen, red; nitrogen, blue).
Side-chains for Tyr171 and Tyr176 are shown in dark red; side-chains for
Lys83, GIn86, Arg98, Lys256, and Glu328 are shown in gold. Minimum-
energy conformers of the NBD-cysteine and the seven indicated side-
chains were generated using a sterics model (see Materials and Methods).
Models of the seven natural and one nonnatural side-chains are shown for
the open (leff) and closed (right) conformational states of maltose binding
protein. Figure generated with PyMOL (DeLano 2002).
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chain flexibility at seven surrounding protein positions, and
a rudimentary description of atomic interactions, and, as
such, can be used only to identify putative interacting
groups; a more realistic model of fluorophore-protein inter-
actions will necessitate a more sophisticated treatment of
conformational ensembles and interaction models. Within a
10 A radius of its attachment site, side-chains that poten-
tially interact with D95SC-NBD include residues Tyr171 and
Tyr176. The C,-C, distances of these residues to D95 in-
crease by 8 A and 4 A, respectively, upon maltose binding
(Fig. 4).

To study the effect of removing potential hydrogen-bond-
ing groups, these two Tyr residues were mutated to Phe,
individually and together. The fluorescence properties of
the three mutants (Y171F, Y176F, Y171F/Y176F) were
characterized as outlined below (Table 3). While the single
Y171F and Y176F mutants still exhibit a maltose-dependent
increase in NBD emission intensity, the magnitude of the
increase is significantly reduced compared with the refer-
ence protein (D95C-NBD). As seen in Table 3, the largest
effect is observed in the Y171F single mutant that shows a
AAF of 4.3 and a large red shift in the emission maximum
(AN = 14 nm) compared with D95C-NBD (AN = 2 nm).
The construction of the Y171F/Y176F double mutant vir-
tually abolishes the ligand-dependent change in NBD fluo-
rescence intensity (Fig. 5; Table 3). These mutations dra-
matically increase the fluorescence of the maltose-free pro-
tein but have no effect on the maltose-bound form (Fig. 5;
Table 3). The tryptophan fluorescence emission properties
of these three mutants are identical to that of the wild-type
protein (data not shown), indicating that these mutations do
not disrupt the overall open-to-closed conformational
change in any of the MBP mutants. Taken together, these
results indicate that the hydroxyl moieties of these two side-
chains, and the interactions that they make with the open
form of MBP, account for the majority of the fluorescence

Table 3. Properties of D95C-NBD point mutants

(S -
Mutant Ky (pM) AF* (apo)® em,,,, (sat)®
D95C-NBD 1.2 5.4 536 534
Y176F 0.41 2.4 536 536
Y171F 0.65 1.26 550 536
Y171F/Y176F 0.20 1.1 545 536
Y171R 0.41 0.64 537 537
K83M 1.25 3.2 540 536
Q86R 291 2.5 540 536
RISM 0.89 2.0 542 540
RI98E 0.34 1.7 538 540
K256M 0.96 2.6 542 538
E328R 0.70 2.1 544 540

Ly Aoy (sat))

Lapo Amax (apo))
® Excitation wavelength set at 470 nm.

*AF =
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Figure 5. Normalized fluorescence spectra of D9SC-NBD with mutations
of either Y171F (dotted line), Y176F (dashed line), both (dashed/dotted
line), or neither (solid line) in the absence of maltose. The emission spectra
of all four proteins with 200 wM maltose overlay (solid line). Measure-
ments were performed in 20 mM MOPS (pH 6.9) and 150 mM NaCl at
25°C.

change in the D95C-NBD protein. We propose that this
response is mediated through quenching hydrogen bonds
with the nitro group of the fluorophore in the open, but not
the closed, state. It is also possible, however, that the effect
of the tyrosine hydroxyls on the NBD is indirect, perhaps
mediated through a hydrogen-bonding interaction with an-
other side-chain, which orders the “flap” region (residues
165-187) of the protein in a conformation that quenches
fluorescence. In either case, the interaction of the NBD
fluorophore with specific atoms of the protein is consistent
with the significant decrease in steady-state anisotropy upon
protein closure.

Electrostatic contributions to D95C-NBD signaling

Potential contributions from electrostatic effects by other
amino acids surrounding the attachment site was investi-
gated by additional site-directed mutagenesis experiments.
By using our model of D9SC-NBD, six protein residues in
close proximity to the modeled fluorophore (R83, Q86,
R98, Y171, K256, E328) were mutagenized with each mu-
tation either adding or removing a positively charged
side-chain (Table 3). All mutants were expressed, purified,
derivatized with the NBD fluorophore, and characterized
as before. The calculated maltose-binding constants for the
mutants were distributed over nearly an order of magni-
tude, ranging from 0.34-2.9 puM maltose (Table 3). Im-
portantly, mutation of Tyr171 to Arg resulted in a reversal
of the maltose-dependent change in emission intensity
(AAF = 8.4) (Table 3): While no change in emission maxi-
mum was observed with saturating maltose, the emission
intensity decreased 46%. These data further demonstrate the
importance of a specific interaction of amino acid 171 to the
overall signaling of NBD at D95C. The effect of this mu-
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tation suggests that the phenylalanine side-chain still sig-
nificantly quenches the fluorophore in the open state (aro-
matic solvent quenching of NBD has been observed) (Lin
and Struve 1991), that the arginine side-chain quenches the
fluorophore in the closed state, or that local conformational
changes resulting from the mutation give rise to other ef-
fects, mediated either through protein or solvent.

Discussion

The rational design of attachment sites in proteins for en-
vironmentally sensitive small molecules dyes is a powerful
approach for the development of a broad range of reagent-
less biosensors (Hellinga and Marvin 1998). This may in-
volve both the selection of protein residues for the intro-
duction of thiol or other tethering groups, and the rational or
computational design of other protein residues for optimi-
zation of FAST mechanistic properties. In general, to design
such sensors, a fluorophore should be covalently attached to
a site on the protein that undergoes a local conformational
change upon ligand binding. While simple in principle, our
work, as well as others, has demonstrated that in the design
of protein biosensors, the response of different fluorophores
(even those with similar structural and spectroscopic prop-
erties) coupled at a single site may vary widely, belying a
simple explanation of the observed changes (Dwyer and
Hellinga 2004). In order to improve the predictive power of
the design approach, it would be advantageous to have a
greater understanding of the microscopic mechanisms
through which fluorophore, protein, and solvent together
transduce a binding event. Here, we investigate the response
of a single fluorophore, NBD, conjugated at three different
locations in E. coli MBP.

The complex photo-physical properties of NBD have
been studied with respect to interactions with the chemical
moieties of amino acids. Specific quenching of NBD emis-
sion by the tryptophan analog, NATA, was observed by
Lancet and Pecht (1977). Further study into the spectro-
scopic properties of NBD by Lin and Struve (1991) also
suggested a direct interaction between this fluorophore and
NATA in organic solutions. Using time-resolved fluores-
cence spectroscopy, Gilardi et al. (1997) have investigated
the specific solvent mechanisms by which environmentally
sensitive fluorophores may respond to ligand binding. Us-
ing SV fluorescence quenching with iodide, we have vali-
dated the use of solvent accessibility calculations as a po-
tential predictor of fluorescence response, although the bio-
sensor with the greatest change cannot be rationalized by
this measure. We have shown that differential solvent ac-
cessibility need not be the only principle upon which a
protein biosensor may be designed. Indeed, specific inter-
actions between a fluorophore and protein are likely to pro-
vide the best signaling mechanism (D95C-NBD exhibits the
largest maltose-dependent change in fluorescence). Our re-

sults identify a serendipitous quenching interaction between
NBD and two nearby tyrosine residues, which results in a
440% increase in fluorescence intensity upon maltose bind-
ing, which is most likely to be mediated by two specific
hydrogen bonds contributed by nearby tyrosine residues. To
our knowledge this is the first report to identify a particular
interaction between covalently tethered NBD and a specific
tyrosine residue. Taken together, these results suggest that
construction of a fluorophore “cage,” in which fluorescence
is quenched in the open, but relieved in the closed state,
through construction of differential hydrogen-bonding in-
teractions in the two states is a very effective method for
construction of optimal fluorescence signal transduction
mechanisms in protein-based biosensors. It is likely that
computational design techniques are well suited for this
task.

Materials and methods

Preparation of MBP mutants

E. coli MBP was expressed with a C-terminal His, tag and purified
using immobilized metal affinity chromatography, as described
previously (Marvin et al. 1997). Overlapping PCR site-directed
mutagenesis (Ho et al. 1989) was used to construct point mutants
of the malE gene, which were subsequently cloned into pET21a
(Novagen), using the Ndel and EcoRI sites. Proteins were over-
expressed in E. coli BL21(DE3) pLysS and were purified using
Ni-NTA chelating resin (Amersham Biosciences) according to
manufacturer protocols.

Preparation of reporter group conjugates

The unique cysteine residues introduced individually at positions
F92, D95, and S233 were covalently labeled with the environmen-
tally sensitive fluorophore, N-((2-iodoacetoxy)ethyl)-N-methyl)
amino-7-nitrobenz-2-oxa-1,3-diazole (IANBD ester, Molecular
Probes). Purified protein was incubated with a fivefold excess of
reactive reporter group for 2 h at room temperature (20 mM MOPS
at pH 6.9, 100 mM NaCl; 25°C). Unreacted fluorophore was re-
moved by passing samples over an Econo-Pac 10 DG desalting
column (Bio-Rad). Complete removal of maltose from MBP was
ensured by rapid dialysis against reaction buffer (three buffer
changes), using dialysis cartridges (Pierce Chemicals).

Steady-state fluorescence

All fluorescence measurements were recorded on a ThermoSpec-
tronic AB2 spectrofluorometer. Fluorescence emission intensity
from NBD-labeled protein conjugates (500 nM) in 20 mM MOPS
(pH 6.9) and 100 mM NaCl was measured using 470-nm excitation
at 25°C. To determine the maltose-binding affinity of each labeled
mutant, changes in NBD fluorescence emission intensity were
measured upon the addition of increasing concentrations of malt-
ose (0-200 wM). Experimentally observed data were fit to a
single-site binding isotherm (de Lorimier et al. 2002).

For iodide quenching of NBD-labeled proteins, the samples
were incubated with increasing concentrations of Nal (0-300
mM), with NaCl added to achieve a final ionic strength of
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500 mM. Samples also contained 1 mM Na,S,0O; to prevent iodine
formation. For all measurements, excitation and emission polariz-
ers were oriented 0° and 54.7° (“magic angle” conditions), respec-
tively, to eliminate the intrinsic polarization of the system (La-
kowicz 1999).

Time-resolved fluorescence

The fluorescence lifetimes of NBD-labeled proteins were mea-
sured using frequency domain instrumentation described previ-
ously (Thompson and Gratton 1988). The 442-nm output of a
Kimmon HeCd laser was amplitude-modulated using an electro-
optical pockel’s cell (ISS, Inc.). Rose Bengal in ethanol (7 = 0.9
nsec) was used as a lifetime standard. The data were analyzed
using a multiexponential model and fit using nonlinear least
squares, as previously described (Lakowicz and Gryczynski 1991).

Molecular modeling

The SASA of amino acid side-chain atoms was calculated using
the Lee-Richards algorithm (Lee and Richards 1971; Richards
1977), as implemented in the DEZYMER software suite (Hellinga
and Richards 1991; Looger et al. 2003). The solvent-accessible
surface is defined as the locus of all points, which are a given
probe radius (typically set to 1.4 A) away from the set of van der
Waals’ surfaces of all heavy atoms in the molecule. Per-residue
SASA is computed as the area of that portion of the accessible
surface that arises from a given side-chain. SASA was computed
for the wild-type side-chain, in the crystallographically determined
conformation, in either the open (Protein Data Bank [PDB] code
10MP; Spurlino et al. 1991) or the closed (PDB code 1ANF;
Quiocho et al. 1997) state.

A model of NBD-cysteine was created using Chem3D (http://
www.cambridgesoft.com). An ensemble of low-energy conform-
ers of the nonnatural side-chain, in vacuo, was computed using
Monte Carlo sampling (Boltmann decision of e ™F1%%) of the
seven rotatable dihedral angles (each move a single change of
dihedral angle taken randomly from the interval [-10°, 10°]), using
a simple van der Waals term to model sterics (Street and Mayo
1999), as implemented in the DEZYMER suite. A total of
1,000,000 steps were performed, with the 5000 lowest-energy con-
formers constituting the ensemble of allowed NBD structures.

This ensemble of side-chain structures was placed at MBP po-
sition 95 (replacing all previous atoms contributed by the wild-
type aspartate side-chain), in the open and the closed form, with
the seven surrounding protein side-chains (residues 83, 86, 98,
171, 176, 256, and 328) truncated to alanine. NBD conformers
with an interaction energy of >20 kcal/mol (using the same sterics
potential) with this truncated protein scaffold were eliminated.
Conformational states for the seven protein side-chains were taken
from a high-quality rotamer library (Looger et al. 2003). The mini-
mum-energy conformation of the seven natural and one nonnatural
side-chains was determined by enumeration of all possibilities.
The modeled minimum-energy conformation is shown for the
open state (Fig. 4A) and the closed state (Fig. 4B) of MBP.

Structures were downloaded from the PDB (http://www.
rcsb.org); molecular drawings were made with PyMOL (http://
www.pymol.org).
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