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pattern cell types. TMM controls the orienta- 
tion of asymmetric divisions that create the 
minimal one-celled stomatal spacing pattern 
and may also participate broadly in regulating 
cell proliferation and differentiation based on 
positional context. The latter function ap- 
pears analogous to the CLV1/CLV2 signaling 
pathway that regulates the balance between 
stem cell maintenance in the central shoot 
apical meristem and cell differentiation at the 
meristem flanks (9). In contrast, TMM func- 
tions in cells that are dispersed within the 
developing epidermis and have different fate 
potentials, ranging from multipotent stem 
cells that may undergo a formative asymmet- 
ric division to meristemoids that invariably 
mature into stomata. 

Additional support for the importance of 
position-dependent cell proliferation in 
epidermal patterning comes from the 
STOMATAL DENSITY AND DISTRIBU- 
TION 1 locus, which encodes a processing 
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protease likely to participate in cell signal- 
ing (1). The control of cell division relative 
to nearby differentiating cells is likely to be 
a recurring theme in plant development. 
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Probing Protein Electrostatics 

with a Synthetic Fluorescent 

Amino Acid 
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Steven G. Boxer,2 Lily Yeh Jan1 

Electrostatics affect virtually all aspects of protein structure and activity and 
are particularly important in proteins whose primary function is to stabilize 
charge. Here we introduce a fluorescent amino acid, Aladan, which can probe 
the electrostatic character of a protein at multiple sites. Aladan is exceptionally 
sensitive to the polarity of its surroundings and can be incorporated site- 
selectively at buried and exposed sites, in both soluble and membrane proteins. 
Steady-state and time-resolved fluorescence measurements of Aladan residues 
at different buried and exposed sites in the B1 domain of protein G suggest that 

Probing Protein Electrostatics 

with a Synthetic Fluorescent 

Amino Acid 

Bruce E. Cohen,1t Tim B. McAnaney,2* Eun Sun Park,2* Yuh Nung Jan,1 
Steven G. Boxer,2 Lily Yeh Jan1 

Electrostatics affect virtually all aspects of protein structure and activity and 
are particularly important in proteins whose primary function is to stabilize 
charge. Here we introduce a fluorescent amino acid, Aladan, which can probe 
the electrostatic character of a protein at multiple sites. Aladan is exceptionally 
sensitive to the polarity of its surroundings and can be incorporated site- 
selectively at buried and exposed sites, in both soluble and membrane proteins. 
Steady-state and time-resolved fluorescence measurements of Aladan residues 
at different buried and exposed sites in the B1 domain of protein G suggest that 
its interior is polar and heterogeneous. 

High-resolution structures provide the prima- 
ry basis for analysis of protein function, yet 
investigations into other physical properties 
such as protein dynamics and electrostatics 
have been hampered by experimental limita- 
tions. For electrostatics in particular, the lack 
of general techniques for measuring static 
and dynamic electric fields within a protein 
has made it difficult to address even a most 
basic question: how polar is a protein? A 
protein's polarity-that is, its capacity to sol- 
vate charge-affects the strengths of all elec- 
trostatic interactions within the protein, as 
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well as the strengths of interactions with pro- 
teins, substrates, and other ligands, making it 
a critical determinant of protein structure, 
stability, and, ultimately, activity (1, 2). Ideas 
about the polarity of the protein interior have 
progressed from simple models of proteins as 
nonpolar and homogeneous, described by a 
low dielectric constant (i.e., e = 2 to 4), to 
more complex models that consider sources 
of local heterogeneity. Computational models 
suggest that local dielectric properties can 
vary considerably and, in some cases, corre- 
spond to polar solvents, even in the protein 
interior (1, 3). Examining protein solvation 
experimentally has usually relied on the for- 
tuitous affinity of probes for ligand-binding 
sites (4-9) or the presence of endogenous 
long-wavelength chromophores (10, 11), typ- 
ically limiting such measurements to individ- 
ual, sometimes ill-defined, locations within 
particular proteins. Tryptophan fluorescence 
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has also been used as an intrinsic local envi- 
ronmental probe (12, 13), but tryptophan's 
utility is limited by its complex photophysics. 
An ideal probe for studying protein dynamics 
and electrostatics would be sensitive to its 
environment and could be incorporated site- 
specifically throughout any protein of inter- 
est. Toward that end, we have synthesized an 
environment-sensitive fluorescent amino 
acid, Aladan, and incorporated it site-specif- 
ically into proteins by both nonsense suppres- 
sion and solid-phase synthesis, and we have 
used it to probe the electrostatic character of 
the B1 domain of streptococcal protein G 
(GB1) at multiple sites by steady-state and 
time-resolved fluorescence. 

The fluorophore 6-dimethylamino-2-acyl- 
naphthalene (DAN) undergoes a large charge 
redistribution upon excitation and has nearly 
ideal environment sensor properties (4, 5, 12, 
14). As shown in Fig. 1, an alanine derivative 
of DAN (Aladan, compound 3) (15) was 
synthesized and either converted to its Fmoc 
derivative (compound 4) for solid-phase pep- 
tide synthesis or functionalized (compound 5) 
for coupling to a T. thermophila suppressor 
tRNA (16) for nonsense suppression. The 
bisamide N-acetyl-Aladanamide (NAAA, 
Fig. 1B, inset) mimics Aladan within a pep- 
tide and exhibits a similar solvatochromism 
as observed for other DAN probes (12, 14), 
including a large shift in emission maximum 
(Amax) that depends on solvent polarity (from 
409 nm in heptane to 542 nm in water), as 
well as emission at longer wavelengths in 
hydroxylated solvents relative to those of 
aprotic solvents of comparable polarities 
(Fig. 1, B and C). Other spectral characteris- 
tics such as absorption show much less dra- 
matic changes (17). The )kmax of NAAA in 
water is not sensitive to changes in pH be- 

has also been used as an intrinsic local envi- 
ronmental probe (12, 13), but tryptophan's 
utility is limited by its complex photophysics. 
An ideal probe for studying protein dynamics 
and electrostatics would be sensitive to its 
environment and could be incorporated site- 
specifically throughout any protein of inter- 
est. Toward that end, we have synthesized an 
environment-sensitive fluorescent amino 
acid, Aladan, and incorporated it site-specif- 
ically into proteins by both nonsense suppres- 
sion and solid-phase synthesis, and we have 
used it to probe the electrostatic character of 
the B1 domain of streptococcal protein G 
(GB1) at multiple sites by steady-state and 
time-resolved fluorescence. 

The fluorophore 6-dimethylamino-2-acyl- 
naphthalene (DAN) undergoes a large charge 
redistribution upon excitation and has nearly 
ideal environment sensor properties (4, 5, 12, 
14). As shown in Fig. 1, an alanine derivative 
of DAN (Aladan, compound 3) (15) was 
synthesized and either converted to its Fmoc 
derivative (compound 4) for solid-phase pep- 
tide synthesis or functionalized (compound 5) 
for coupling to a T. thermophila suppressor 
tRNA (16) for nonsense suppression. The 
bisamide N-acetyl-Aladanamide (NAAA, 
Fig. 1B, inset) mimics Aladan within a pep- 
tide and exhibits a similar solvatochromism 
as observed for other DAN probes (12, 14), 
including a large shift in emission maximum 
(Amax) that depends on solvent polarity (from 
409 nm in heptane to 542 nm in water), as 
well as emission at longer wavelengths in 
hydroxylated solvents relative to those of 
aprotic solvents of comparable polarities 
(Fig. 1, B and C). Other spectral characteris- 
tics such as absorption show much less dra- 
matic changes (17). The )kmax of NAAA in 
water is not sensitive to changes in pH be- 

31 MAY 2002 VOL 296 SCIENCE www.sciencemag.org 31 MAY 2002 VOL 296 SCIENCE www.sciencemag.org 1700 1700 



tween 3 and 12 or to changes in salt concen- 
tration (Fig. 1C). 

A variety of techniques have been used to 
introduce synthetic probes into proteins, in- 
cluding the site-specific incorporation of un- 
natural amino acids (18-21). We used non- 
sense suppression methodology (16, 20) to 
insert Aladan at various sites in the Kir2.1 
and Shaker potassium channels as examples 
of whether proteins with Aladan substitutions 
could fold and function properly. Xenopus 
oocytes coinjected with Aladan-charged sup- 
pressor tRNA (15) and channel cRNA con- 
taining nonsense mutations showed typical 
Kir or Shaker currents (fig. Si), with good 
suppression for residues in all protein envi- 
ronments (i.e., aqueous, lipid, and buried). 
Suppression at Kir2.1 Trp96 (fig. S1A) is 
notable in that this position should be partic- 
ularly sensitive to mutation, as it is complete- 
ly conserved in the Kir family and is predict- 
ed to lie buried within three transmembrane 
helices (22). These experiments show that 
Aladan is compatible with the cellular bio- 
synthetic machinery, a property of unnatural 
amino acids that has been impossible to pre- 
dict with any certainty (20), and that the 
Aladan side chain is not inherently disrup- 
tive, even when buried within the protein. 

As a dielectric-sensitive fluorophore that 

REPORTS 

can occupy buried sites, Aladan provides a 
means to examine the physical properties of 
the protein core. We incorporated Aladan by 
solid-phase synthesis at four different sites in 
GB1, a highly thermostable IgG-binding do- 
main that has been characterized extensively 
in structure, folding, and engineering studies 
(23-27). Proteins with Aladan substitutions 
at exposed (Ala24), partially exposed (Trp43), 
and buried (Leu7 and Phe30) residues each 
show a distinct fluorescence spectrum (Fig. 2, 
A and B). All fluorescent proteins retain the 
same tertiary fold as wild-type GB 1, judging 
from affinity for ligand (17), accessibility of 
Aladan side chains to the collisional quencher 
iodide (fig. S2A), chemical denaturation (fig. 
S2B), and proton NMR (fig. S2, C and D). 
Interestingly, the Xmax of the exposed Aladan 
at Ala24 is shifted 15 nm toward the blue end 
of the spectrum compared with NAAA in 
buffer, which may reflect the partial shielding 
of surface side chains or dielectric differences 
between bulk water and the protein's hydra- 
tion shell. The Xmax values of Aladan at the 
two buried sites differ by >10 nm, although 
both native residues are part of the inner core 
of the protein and have <5% exposed surface 
area (23). Comparing these xmax values to 
those in solvent, the fluorophore at Phe30 
falls closest to ethyl acetate (e = 6) and the 

one at Leu7 closest to acetone (E = 21). 
Previous steady-state measurements using 
noncovalently attached probes at putative in- 
terior ligand-binding sites have similarly 
found proteins in solution to behave like po- 
lar solvents (4, 8). Some computational mod- 
els have attributed large calculated macro- 
scopic dielectric constants to the mobile polar 
groups on the surface of the protein (3, 28), 
whereas models of local internal dielectric 
constants that explicitly represent solvent 
have found polar character in the core (29), 
consistent with the fluorescence data present- 
ed here. 

However, steady-state comparisons to 
bulk solvent may underestimate protein po- 
larity, as dielectric relaxation occurs on 
femto- to picosecond time scales in nonvis- 
cous solvents (30), making it essentially in- 
stantaneous relative to the fluorescence life- 
time [7 = 3.4 ns for compound 1 in dimethyl 
sulfoxide (DMSO)]. Within proteins, dielec- 
tric relaxation can be more complex, as the 
local reorganization of polar groups may be 
restricted (5, 6). Depending on the relative 
rates of protein relaxation and fluorophore 
emission, the steady-state fluorescence spec- 
trum may not directly reflect the dielectric 
response. 

We therefore measured the time depen- 

Fig. 1. Synthesis and fluores- A 
cence of Aladan. (A) Synthesis 
of Aladan derivatives from 
acedan (14). Reagents: (a), 
LiN(SiMe3)2 in tetrahydrofu- Me2N 
ran (THF), -78?C, then 12; 

(b), Ph2CNCH2CO2t Bu, 1 
cinchonidinium catalyst, 
CsOH'H2O, CH2Cl2, -70?C; 
(c), trifluoroacetic acid (TFA), 
HSCH2CH2SH; (d), Fmoc suc- 
cinimidyl ester, N,N'-dimeth- 
ylformamide (DMF); (e), allyl- 
chloroformate, NaHCO3, 
THF/H O; (f), CLCH CN, Et3N, 
DMF; fg), pdCpA, DMF; (h), 
AcOH, N-methylmorpholine, 
DMF, then Pd(Ph3P)4; (i), T. 
thermophila suppressor tRNA 
with T4 RNA ligase and re- 
agents, as described (16, 20), 
37?C, 8 min. (B) Structure and 
steady-state emission spectra 
of NAAA after 360-nm excitation in bulk solvent. 
Spectra are normalized with respect to A360 and 
were measured with 200 nM NAAA, which was 
purified by reversed-phase high performance liq- 
uid chromatography before use. All organic sol- 
vents were dried over 3 A sieves. (C) Emission 
maxima of NAAA plotted against solvent dielec- 
tric constant [e values from (33)] in the following: 
aprotic solvents (black squares), alcohols (red 
circles), protic amides (solid green squares), H2O 
(open green square), 10 mM AcOH, pH 3 (blue 
circle), 10 mM NaOH, pH 12 (pink triangle), 5 M 
GuHCl (green triangle). 
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dence of the Aladan emission spectrum at one 
surface (Trp43) and two buried (Leu7 and 

430 nm Phe30) sites by fluorescence upconversion 
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reorientation on this time scale, excluding 
movement of the probe itself as the source of 
solvation (fig. S4). The solvation differences 
between the surface and buried probes are 
consistent with the steady-state data (Fig. 2A) 
and suggest that Aladan steady-state emission 
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the probe is held a single methylene from the 
backbone and can reasonably be assumed to 
adopt configurations similar to those of other 
large side chains within the structural contexts. 
This permits a spatial resolution important for 
understanding the physiological functions of 
proteins. 
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Extracts of the resin of the guggul tree (Commiphora mukul) lower LDL (low- 
density lipoprotein) cholesterol levels in humans. The plant sterol guggul- 
sterone [4,17(20)-pregnadiene-3,16-dione] is the active agent in this extract. 
We show that guggulsterone is a highly efficacious antagonist of the farnesoid 
X receptor (FXR), a nuclear hormone receptor that is activated by bile acids. 
Guggulsterone treatment decreases hepatic cholesterol in wild-type mice fed 
a high-cholesterol diet but is not effective in FXR-null mice. Thus, we propose 
that inhibition of FXR activation is the basis for the cholesterol-lowering activity 
of guggulsterone. Other natural products with specific biologic effects may 
modulate the activity of FXR or other relatively promiscuous nuclear hormone 
receptors. 
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Cholesterol metabolism is tightly regulated at 
multiple levels, including its release in the 
form of bile acids. A negative feedback loop 
that decreases the rate of bile acid production 
by the liver when bile acid levels are high is 
an important component of this regulation. 
The bile acid receptor FXR (1-3) (NR1H4) 
mediates this and a number of other bile 
acid-dependent regulatory processes (4), es- 
tablishing its central role in cholesterol me- 
tabolism. FXR is a promiscuous nuclear hor- 
mone receptor that can be activated by a 
number of other compounds not structurally 
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related to bile acids (5-8). On the basis of this 
apparent flexibility, we hypothesized that at 
least a subset of compounds reported to affect 
cholesterol metabolism via unknown mecha- 
nisms could act by modulating FXR activity. 

The gum resin of Commiphora mukul 
(guggulu in Sanskrit) has been used in 
Ayurvedic medicine since at least 600 BC to 
treat a wide variety of ailments, including 
obesity and lipid disorders (9, 10). An ethyl 
acetate extract of this resin has been found to 
lower LDL cholesterol and triglyceride levels 
in humans (11, 12). Since receiving regula- 
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tory approval in India in 1987, this extract, 
termed gugulipid, has been widely and effec- 
tively used to treat hyperlipidemia (9, 10). 
Among a number of compounds present in 
this extract, the stereoisomers E- and Z-gug- 
gulsterone (cis- and trans-4,17(20)-pregna- 
diene-3,16-dione, respectively) (Fig. 1A) 
have been shown directly to decrease hepatic 
cholesterol levels in rodent models (13). 

The effect of this plant product on FXR 
activity was initially assessed using transient 
transfections with a synthetic FXR respon- 
sive reporter plasmid (14). Z-guggulsterone 
alone had no effect on FXR activity, but it 
strongly inhibited FXR activation by che- 
nodeoxycholic acid (CDCA), the most potent 
of the bile acid agonist ligands (Fig. 1B). 
Essentially identical results were obtained 
with E-guggulsterone, but the Z isomer was 
used for the studies described here. The inhi- 
bition of CDCA activation was dose depen- 
dent and efficacious. In the presence of 100 
FxM CDCA, a concentration approximately 
threefold above that required for half-maxi- 
mal activation of FXR, 10 F.M guggulsterone 
decreased FXR transactivation by nearly 50% 
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