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ABSTRACT: S100A7 (psoriasin) is a member of the S100 family of signaling proteins. It is implicated in and
considered a therapeutic target for inflammation and cancer, yet no small molecule ligands for S100A7 have
been identified. To begin the development of specific small molecule inhibitors of S100A7 function, we have
used a series of surface binding fluorescent dyes to probe the surface hydrophobic sites. Two naphthalene-
based dyes (2,6-ANS and 1,8-ANS) were found to bind S100A7 in a distinct cleft. We characterized the
binding interaction by determining both the structure of S100A7 bound to 2,6-ANS and the structure of
S100A7 bound to 1,8-ANS to 1.6 Å. In both cases, two molecules of dye were docked such that the
naphthalene groups were positioned in two symmetry-related grooves that are formed by the N-terminal
helices of each monomer. We observed that Met12 acts as a gatekeeper to the binding cleft, adopting an
“open” conformation for the more elongated 2,6-ANS while remaining in a “closed” conformation for the
more compact 1,8-ANS. Steady-state fluorescence experiments revealed that S100A7 binds two copies of 2,6-
ANS, each with a Kd of 125 μM. Time-resolved fluorescence lifetime measurements indicated that the two
molecules of 2,6-ANS bind in two independent binding sites with different fluorescence lifetimes, suggesting
that the S100A7 homodimer is not perfectly symmetric in solution. Isothermal titration calorimetry studies
demonstrate that S100A7 has a higher affinity for 2,6-ANS than 1,8-ANS. Yeast two-hybrid studies were also
used to probe contributions of individual residues of an S100A7 triple mutant with respect to Jab1 binding.
Mutation of Leu78, which forms part of the Met12 cleft occupied by 2,6-ANS, reduced the level of Jab1
binding, suggesting a potentially important role for the Met12 hydrophobic pocket in defining a Jab1
interface. Additional Y2H studies also delineate contributions of Gln88 and in particular Asp56 that shows
themost significant abrogated binding to Jab1. Collectively, these data suggest a complex interaction between
S100A7 and the much larger Jab1. These studies form the basis for the development of small molecule
reporters and modifiers of S100A7 form and function.

S100A7, also known as psoriasin, is a member of the S100
family of EF-hand calcium-binding signaling proteins. The S100
proteins are expressed exclusively in vertebrates and represent the
largest subgroup within the superfamily of EF-hand Ca2þ-
binding proteins (1). To date, more than 20 human S100 genes
are known, of which 17 are tightly clustered in a region of the
human 1q21 chromosome that is frequently rearranged in
cancers (2-4).

S100A7 was first observed as a protein highly upregulated in
lesions of psoriatic skin (5) and is considered to play a role in
inflammation processes. It is upregulated and excreted from cells
in the epidermis during inflammation and is a chemotactic factor
for keratinocytes (6, 7) and leukocytes (8). Its cell migration
inducing properties are mediated by the receptor for advanced

glycation end products (RAGE)1 in a Zn2þ-dependent man-
ner (8). In this extracellular context, S100A7 has also been
implicated as a host-defense protein that selectively kills Escher-
ichia coli on the surface of skin (9, 10).

Within cells, S100A7 apparently lives a different life. Intracel-
lular S100A7 expression is predominantly associated with squa-
mous cell tumor subtypes in cancers of the lung, head and neck,
cervix, and bladder (11-14). S100A7 has also been found to be
expressed in nonsquamous tumors, including gastric cancer,
melanoma, and breast cancer (15-17). S100A7 has been most
heavily studied in breast tissue. Expression is absent or almost
undetectable in normal breast epithelial cells. The frequency and

†F.H. and M.J.B. are Career Scholars of the Michael Smith Founda-
tion for Health Research, and M.J.B. is supported by a CIHR New
Investigator Award. This work was supported by the Canadian Breast
Cancer Foundation and NSERC.
*To whom correspondence should be addressed. C.B. and F.H.:

telephone, (250) 721-7193; fax, (250) 721-7147; e-mail, bohne@uvic.ca
or fhof@uvic.ca.M.J.B.: telephone, (250) 721-7072; fax, (250) 721-8855;
e-mail, mboulang@uvic.ca.

1Abbreviations: 1,8-ANS, 1-anilinonaphthalene-8-sulfonic acid; 2,6-
ANS, 2-anilinonaphthalene-6-sulfonic acid; 3-AT, 3-aminotriazole; Bis-
ANS, 4,40-bis(1-anilinonaphthalene-8-sulfonate); DCIS, ductal carci-
noma in situ; E-FABP, epidermal fatty acid binding protein; EGF,
epidermal growth factor; EGFR, epidermal growth factor receptor;
IRF, instrument response function; ITC, isothermal titration calorim-
etry; Jab1, c-Jun activation domain binding protein-1; MHC, major
histocompatibility complex; PDB, Protein Data Bank; RAGE, receptor
for advanced glycation end products; RanBPM, Ran-binding protein in
the microtubule-organizing center; S100A73, S100A7Asp56Gly/Leu78-
Met/Gln88Lys triple mutant.



10592 Biochemistry, Vol. 48, No. 44, 2009 Le�on et al.

level of expression increase in ductal carcinoma in situ (DCIS)
lesions associated with an increasing risk of progression to
invasive cancer; its highest level of expression is seen in high-
grade DCIS, where it is among the most highly expressed
proteins (18, 19). Also, S100A7 expression correlates with
increases in genes associated withMHC class II receptor activity,
antigen processing and antigen presentation, and immune cell
activation. These results are consistent with a role for S100A7 in
modulating the immune response which may be a factor in early
breast tumor progression (20).

S100 proteins are known in general to each have many
interaction partners (21). The proteins for which direct interac-
tions with S100A7 are described in the literature include
RAGE (8), RanBPM (22), transglutaminase (23), and
E-FABP (24, 25). S100A7 also interacts with the signalingmaster
regulator Jab1 (c-jun activation domain binding protein-1) (26).
The formation of the S100A7-Jab1 complex is implicated in the
development of early stage breast cancer (27). In breast cancer
cells, the binding of S100A7 causes the regulatory protein Jab1 to
translocate from the cytoplasm to the nucleus, where it stimulates
a variety of downstream tumorigenic effects (28). Further, both
S100A7 and Jab1 have been linked to the epidermal growth
factor (EGF) and its tyrosine receptor kinase (EGFR), a pathway
that contributes to a variety of cancers (29, 30). Treatment of
breast cells with EGF induces S100A7 expression, while down-
regulation of S100A7 produces cells with reduced sensitivity to
EGF-triggered angiogenesis and osteoclast formation. Further,
treatment of breast cells with EGF causes translocation of Jab1
to the nucleus (the same effect that was previously observed upon
treatment of cells with S100A7). Together, these results suggest
that the S100A7-Jab1 complex is intimately connected to this
well-known cancer/angiogenesis pathway. With a growing un-
derstanding of the dual roles of S100A7 as a mediator of disease-
related cell migration (6-8, 31) and cell growth (29, 30) path-
ways, it has been proposed as a therapeutic target for the
treatment of inflammation (8) and cancer (27, 28, 32).

The X-ray crystal structure of S100A7 has been determined at
a resolution of 2.05 Å (33, 34). S100A7 exists as a homodimer that
binds two Ca2þ ions in EF-hand motifs and two Zn2þ ions at
binding sites that span the dimer interface. In spite of this
structural data and the wealth of data on biological functions
and interaction partners, structural information on the participa-
tion of S100A7 in any of its complexes is scarce, and in some cases
very crude: the triple mutation of putative Jab1-binding residues
on S100A7 (Asp56Gly/Leu78Met/Gln88Lys) abrogates binding
to Jab1 and eliminates all of the known downstream tumorigenic
effects associated with S100A7 expression in breast cancer
cells (27); the S100A7 homologue S100A15 (93% sequence
identity, differing mainly in the C-terminal region) does not bind
to RAGE in the same assays that confirmed S100A7’s direct
interaction with this receptor (8); an S100A7 mutant lacking
N-terminal residues 1-34 and the C-terminal Zn2þ-binding
motif (residues 81-101) is still active at killing E. coli (10).

No small molecule ligands for S100A7 are known, and very
few ligand-binding sites on any S100 protein have been
reported (35-39). We sought to probe the surface features of
S100A7 that might give rise to binding of biological partners and
potential therapeutic agents. To this end, we have studied the
interaction of S100A7 with a collection of surface-binding
fluorescent dyes. The fluorescence intensities of certain dyes are
greatly affected by the mobility and polarity of their microenvir-
onments (40), and several studies have used such dyes to identify

surface hydrophobic sites on proteins (41-44). Time-resolved
(lifetime) fluorescence studies are even more sensitive to fluor-
ophore binding environments; they can discriminate between
similar emissive species where the lifetime and intensity are
altered by extremely subtle changes in the vicinity of the
fluorophore (45, 46).

We have identified a distinct binding site on the surface of
S100A7 and characterized the molecular complexes of S100A7
with two isomeric dyes (2,6-ANS and 1,8-ANS) using X-ray
crystallography, steady-state fluorescence, nanosecond time-re-
solved fluorescence, and isothermal titration calorimetry. These
data instruct the studies of S100A7 in complex with its molecular
partners and will guide the development of specific S100A7-
binding small molecules for the study and modification of
S100A7’s numerous important biological functions.

EXPERIMENTAL PROCEDURES

Materials. Buffers and solutions were freshly prepared every
day. 8-Anilinonaphthalene-1-sulfonic acid (1,8-ANS) and 6-
anilinonaphthalene-2-sulfonic acid (2,6-ANS) were purchased
from Invitrogen (Molecular Probes Inc.). These probes were used
without further purification. All other reagents were of analytical
grade.
Production and Purification of Soluble S100A7. Human

S100A7 was amplified by PCR and cloned into the pET32a
expression vector (Novagen) in framewith thioredoxin and anN-
terminal hexahistidine tag. Recombinant expression of S100A7
was conducted in E. coli Rosetta-Gammi B (Invitrogen,
Carlsbad, CA) grown in 2�YT media (DIFCO, Sparks, MD)
supplemented with 50 μg/mL kanamycin (Sigma). The cells were
grown at 37 �C to an OD600 of ∼0.8. The temperature was
lowered to 30 �C. At an OD600 of 1, expression was induced with
0.75 mM isopropyl D-thiogalactoside (IPTG) for 8 h. The
harvested cells were resuspended in 20 mM HEPES buffer (pH
8) with 20 mM imidazole and 500 mM NaCl (resuspension
buffer) and lysed using a French press (SLM Instruments). The
crude cell extract was centrifuged at 16000 rpm for 45 min to
remove insolublematerial and the supernatant applied directly to
a Ni-NTA column (Qiagen) equilibrated with resuspension
buffer. S100A7 fractions eluted with an increasing concentration
of imidazole were analyzed via SDS-PAGE, pooled on the basis
of purity, and concentrated. The S100A7 hexahistidine tag was
proteolytically removed with thrombin (Novagen) and the
protein purified on a SuperdexTM S-75 gel filtration column
(Amersham Biosciences) equilibrated with 20 mM HEPES and
150 mMNaCl. The protein concentration was defined by amino
acid analysis, by which an extinction coefficient ε280 of 57020
M-1 cm-1 was determined. A stock solution of 800 μM S100A7
wasmaintained at 4 �C. For each experiment, protein was diluted
to a mother solution of 10 μM in buffer [40 mM Tris-HCl
(pH 7.2), 100 mMKCl, and 2 mMCaCl2] before being diluted to
the final experimental conditions.
Crystallization, Data Collection, and Processing. Puri-

fied S100A7 was concentrated to 17 mg/mL and crystallized
using the sitting drop vapor diffusion method at 18 �C in 0.2 M
trisodium citrate and 0.1M sodium cacodylate (pH 6.5). Crystals
were soaked with either 2,6- or 1,8-anilinonaphthalenesulfonate
(ANS) at a final concentration of 10 mM for 4 h and frozen at
100 K directly in the cryo stream. Diffraction data were collected
on a Rigaku R-axis IVþþ area detector coupled to an MM-002
X-ray generator with Osmic “blue” optics and an Oxford
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Cryostream 700 instrument. Diffraction data to 1.6 Å were
processed using Crystal Clear with d*trek (47). Data collection
and refinement statistics are listed in Table 1.
Structure Solution and Refinement. All refinement steps

were conducted using the CCP4 suite of programs (48). Initial
phases were obtained by molecular replacement (MR) using
MOLREP (49) with themonomeric formof native S100A7 (PDB
entry 2PSR) used as the search model. Solvent atoms were
selected using COOT (50), and the overall structure was refined
with REFMAC (51). Stereochemical analysis of the refined
S100A7 structure was performed with PROCHECK and
SFCHECK in CCP4 (48) with the Ramachandran plot showing
excellent stereochemistry with more than 98% of the residues in
the favored conformations for both structures and no residues
modeled in disallowed orientations.Overall, 5%of the reflections
were set aside for calculation ofRfree. The coordinates for S100A7
in complex with 2,6- and 1,8-ANS have been deposited in the
RCSB PDB as entries 2wos (structure factors, r2wosssf) and
2wor (structure factors, r2worsf), respectively.
Steady-State Fluorescence. Steady-state fluorescence spec-

tra were recorded on a PTI QM-2 fluorimeter at 25 �C. The
excitation wavelength was 319 nm, and spectra were collected

between 350 and 600 nm. The excitation and emission slits were
set with bandpasses of 3 and 6 nm, respectively. Fluorescence
spectra were corrected for the baseline spectrum using a solution
containing all compounds except ANS, ensuring that artifacts,
such as Raman emission of the solvent and emission from the
protein, were subtracted from the fluorescence spectra. The
emission from the protein was<1%of the fluorescence intensity
for all solutions. Fluorescence intensities were determined by
integrating the corrected spectra between 415 and 430 nm.
Fluorescence Binding Assays. Samples of 2,6-ANS (0.5

μM) and varying concentrations of S100A7 were prepared in 40
mM Tris (pH 7.2), 100 mM KCl, 2 mM CaCl2 buffer, mixed
gently by pipet, and incubated at room temperature for at least 30
min. Each sample was transferred to the cuvette by pipet and
incubated in the fluorimeter, in the dark, for 10 min before the
fluorescence scan was initiated. After the fluorescence scan was
completed, the sample was incubated in the dark for 5 min and
then a second fluorescence scan was initiated. Fluorescence
spectra were recorded for each S100A7 concentration in the
presence and absence of 2,6-ANS, as well as for controls of 2,6-
ANS only and buffer only. The emission from ANS in buffer is
less than 2% of the intensity from ANS at the lowest protein
concentration examined. As this is smaller than the errors in the
fluorescencemeasurements, the emission fromANS inbufferwas
not taken into account. The concentration of protein was
calculated as the homodimer form, since this is the only species
that has been observed in solution. The fluorescence spectra at
each protein concentration were integrated, and the binding was
analyzed assuming the equilibrium in eq 1, where the protein has
n identical, independent binding sites for 2,6-ANS.

ANSþnPaANS-P ð1Þ
This is equivalent to 1:1 binding between ANS and the protein,
with the effective concentration of available protein binding sites
being n[P]. S100A7 has two binding sites for 2,6-ANS (as
determined by crystallography), and n was fixed to 2 for all fits.
The binding isotherm (eq 2) can be derived from the definition of
the equilibrium constant, and the mass balance equations (52):

ΔI ¼ F

2
KdþnPTþLT -

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKdþnPTþLTÞ2 -4nPTLT

q� �
ð2Þ

where Kd is the dissociation constant, PT is the total protein
concentration, LT is the total ligand concentration, and F is a
fluorescence scaling factor.

Assuming that the protein concentration is in excess of the
ligand concentration, [P] ∼ PT, and the following binding
isotherm can be derived (eq 3).

ΔI ¼ φnPT

KdþnPT
ð3Þ

where φ is a fluorescence scaling factor. This equation can be
linearized to give eq 4.

1

ΔI
¼ Kd

φnPT
þ 1

φ
ð4Þ

The equilibrium constant is determined from the curved plot (eq
2) as this results in the proper weighting of uncertainties. The
linearity of the double-reciprocal plot (eq 4) supports the validity
of the assumption that the binding sites are independent.

Experiments were also conducted with 2,6-ANS (from 0 to 100
μM) added to a constant concentration of S100A7 (1 μM) in

Table 1: Data Collection and Refinement Statisticsa

2,6-ANS 1,8-ANS

Data Collection

space group P43212 P212121
a, b, c (Å) 51.66, 51.66,

117.24

51.60, 51.60,

116.91

R, β, γ (deg) 90, 90, 90 90, 90, 90

wavelength (Å) 0.9760 0.9760

resolution (Å) 47.30-1.70 47.21-1.70

no. of measured

reflections

335832 479650

no. of unique

reflections

18275 18199

redundancy 18.4 (15.7) 26.4 (22.5)

completeness (%) 99.9 (99.9) 100 (100)

I/σ(I) 33.2 (10.9) 34.1 (9.3)

Rmerge
b 0.068 (0.242) 0.072 (0.349)

Refinement

Rcryst
c/Rfree

d 0.182/0.210 0.188/0.212

no. of atoms

protein 769 769

solvent 99 96

ligand 21 21

Ca2þ/Zn2þ 1/1 1/1

B values (Å2)

protein 16.08 14.47

solvent 27.47 27.14

ligand 28.32 13.48

Ca2þ/Zn2þ 12.38/12.98 10.45/12.63

root-mean-square

deviation from

ideality

bond lengths (Å) 0.036 0.033

bond angles (deg) 2.753 2.563

aValues in parentheses are for the highest-resolution shell. bRmerge =P
hkl|I- ÆIæ|/

P
hklI, where I is the intensity of unique reflection hkl and ÆIæ is

the average over symmetry-related observations of unique reflection hkl.
cRcryst =

P
|Fobs - Fcalc/

P
Ffobs, where Fobs and Fcalc are the observed and

the calculated structure factors, respectively. dRfree is the R value using 5%
of the reflections randomly chosen and omitted from refinement.
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40 mM Tris-HCl, 100 mM KCl, and 2 mM CaCl2 (pH 7.2).
Following each addition of ANS, the solution was mixed and
allowed to equilibrate for 30 min. For each solution of protein
with ANS, a control solution of ANS alone in buffer was
prepared.
Time-Resolved Fluorescence Measurements. Fluores-

cence decays were measured with an OB920 Edinburgh single-
photon counter with a hydrogen flash lamp as the excitation
source. The excitation and emission wavelengths were set to 319
and 423 nm, respectively, and the bandwidths for the excitation
and emission monochromators were 16 nm. An iris was used to
decrease, when necessary, the collection rate to less than 2.5% of
the excitation rate. The number of counts in the channel of
maximum intensity was 2000, and control experiments that
included 10000 counts did not show any differences in the
recovered values for the lifetimes and pre-exponential factors.
All measurements were performed at 25 �C. A Ludox suspension
was used to collect the instrument response function (IRF) at the
excitation wavelength. The IRF was deconvoluted from the data
in the fitting procedure using the Edinburgh software, and the
decays were fit to a sum of exponentials (eq 5).

It ¼ I0
Xi

1

ðAie
-t=τi Þ ð5Þ

where τi is the lifetime of each species and Ai the corresponding
pre-exponential factor, where the sum of all pre-exponential
factors is unity (eq 6).

Xi

1

Ai ¼ 1 ð6Þ

The values of χ2 (0.9-1.1) and visual inspection of the residuals
and autocorrelation were used to determine the quality of the
fit (53).
Isothermal TitrationCalorimetry. ITCmeasurementswere

taken using a VP-ITC calorimeter fromMicroCal, LLC. S100A7
and ANS isomers were dissolved in 40 mM Tris-HCl, 100 mM
KCl, and 2 mM CaCl2 at final concentrations of 10 μM and 2
mM, respectively. The samples were degassed under vacuum
prior to titrations. The reference cell was filled with Milli-Q
water. The titration of S100A7 with 1,8-ANS and 2,6-ANS
involved 28 injections of ligand solution (the first injection was
2 μL, and all remaining injections were 10 μL). In all cases, the
ligand solution was injected at 4 min intervals. The syringe
stirring speed as set at 307 rpm, and the temperature of the
titration cell was set at 30 �C.The heat of ligand dilution in buffer,
determined in separate experiments, was subtracted from the
titration data. Raw data were integrated and processed with
Origin 7.0 provided by the manufacturer. The first injection in
each experiment was not taken into account for the analysis.
Three independent experiments with 2,6-ANS and two indepen-
dent experiments with 1,8-ANS were analyzed separately.
Yeast Two-Hybrid Assays. For yeast two-hybrid studies,

amino acids 42-335 of human Jab1 were expressed as a fusion
with the GAL4 DNA binding domain in bait plasmid pGBT9
(Clontech). Wild-type or mutant S100A7 (generated through
PCR mutagenesis) was expressed as a fusion with the GAL4
activation domain in prey plasmid pACT2.2 (Addgene plasmid
11343, deposited by G. Caldwell). Saccharomyces cerevisiae
strain Y190 (ATCC) was cotransformed with each construct
using the lithium acetate method (54). Relative S100A7-Jab1

interaction strength was assessed by plating transformed cells
onto selective medium lacking leucine, tryptophan, and histidine
(Sigma) with various concentrations (10, 25, or 50 mM) of the
histidine analogue 3-aminotriazole (3-AT), or onto leucine/
tryptophan deficient control plates. Colony formation on selec-
tive relative to control medium was assessed in triplicate after
approximately 1 week. Differences were assessed using a Stu-
dent’s t test.

RESULTS

S100A7 was produced in E. coli as a soluble protein and
purified to homogeneity. Analysis using gel filtration chroma-
tography showed that S100A7 existed as a stable dimer consistent
with previous reports (33). S100A7 crystallized with one mono-
mer in the asymmetric unit of the tetragonal unit cell with the
second molecule of the physiological dimer generated by the
crystallographic 2-fold axis. Crystals of S100A7were soakedwith
a variety of probe molecules, including Nile Red, Bis-ANS, 2,6-
ANS, and 1,8-ANS, and were re-examined via X-ray diffraction.
Only crystals treated with 2,6-ANS and 1,8-ANS gave new
density indicative of binding under these conditions. S100A7
costructures with each ANS isomer were refined to a final
resolution of 1.6 Å with the final models starting at Ser1 and
extending through Ser96 (Figure 1). Each S100A7 monomer
coordinates one Ca2þ ion and contributes two of the four ligands
to the coordination of each of the two Zn2þ ions bound at the
homodimer interface. Both S100A7-ANS costructures exhibit
unambiguous electron density for the protein backbone and
bound dye molecules with low temperature factors and excellent
stereochemistry, with more than 98% of the residues adopting
the most favorable conformation and no residues in the dis-
allowed conformation. Final data collection and refinement
statistics are presented in Table 1.

The S100A7 Ca2þ ions in the 2,6- and 1,8-ANS costructures
deviate less than 0.25 Å2 [root-mean-square deviation (rmsd)]
from the previously reported native S100A7 structure (34),
indicating the binding of the dyes does not significantly perturb
the monomer fold or homodimer structure. Both 2,6- and 1,8-
ANS dock into the same groove on S100A7 formed by the N-
terminal helices of each monomer. The binding of the more
elongated 2,6-ANS isomer results in a side chain conformational
change in which the aniline ring displaces the side chain ofMet12
by more than 5 Å such that it adopts an “open” conformation.
The gatekeeper Met12 side chain swings back into the spacious
neighboring Leu78 pocket and opens its own pocket to accom-
modate the incoming small molecule, all without significant
movement by any other neighboring residues. The naphthalene
group of 2,6-ANS is positioned directly between the N-terminal
helices and packs against Gly11 from one monomer and Ala5
and Ser8 from the second monomer. The sulfonate group is
directed away from S100A7 toward solvent and is stabilized
through interactions with the side chain of Gln4. A comparison
of the 2,6- and 1,8-ANS costructures reveals that the naphthalene
groups of the two dye molecules adopt similar orientations
between the N-terminal helices. The more compact structure of
the 1,8-ANS isomer, however, results in the aniline group being
directed away from the core of the dimer interface. As a result, the
side chain of Met12 is not displaced and instead adopts the
“closed” position observed in the native S100A7 structure. The
side chain Lys18 on the surface of S100A7 is, however, displaced
by ∼3.4 Å to accommodate the aniline group of 1,8-ANS.
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The solution binding of 1,8-ANS and 2,6-ANS to S100A7 was
studied using steady-state and time-resolved fluorescence experi-
ments. Both isomers of ANS are weakly fluorescent in aqueous
solution, while fluorescence is enhanced when they are located in
a constrained environment. Titration of S100A7 (1 μM)with 1,8-
ANS did not result in any observable increase in the fluorescence
emission of the dye, up to a concentration of 100 μM, and no
further fluorescence studies were conducted with 1,8-ANS. A
similar lack of response was also observed for Bis-ANS and Nile
Red. Titration of S100A7 (1 μM) with the 2,6-ANS isomer
resulted in fluorescence enhancement relative to free 2,6-ANS,
which is indicative of binding (Figure 2). The increase in
fluorescence intensity was accompanied by a blue shift of

40 nm, a result typical of an ANS dye bound in a nonpolar
environment (45). S100A7 contains noTrp residues, and thus, the
inherent protein fluorescence is insignificant under these experi-
mental conditions.

At a constant concentration of S100A7 (1 μM), the 2,6-ANS
fluorescence emission intensity (I - I0) increased throughout the
titration with 2,6-ANS (from 0 to 100 μM). The plot of I - I0
versus ANS concentration is sigmoidal and does not level off at
higher ANS concentrations (Figure 3A). This is indicative of
binding to additional weaker sites at the higher ANS:protein
ratios, and this protocol is not suitable for recovery of Kd for the
higher-affinity ANS binding sites. In addition, at high concentra-
tions of ANS, the absorbance at the excitation wavelength is
high, and there is no longer a linear relationship between
fluorescence intensity and concentration.

Under conditions where there is an excess of S100A7, 2,6-ANS
should selectively bind to the highest-affinity sites available, and
the changes observed in the fluorescence intensities can be
attributed to binding at these sites. Addition of S100A7 (from
0 to 250 μM) to a constant 2,6-ANS concentration (0.5 μM) was
conducted. As the amount of protein was increased, the fluores-
cence intensity increased and a blue shift in the emission max-
imum was again observed. A Kd of 125 ( 11 μM was recovered
from the nonlinear fit of the fluorescence intensity to eq 2 when
the number of independent binding sites is fixed to 2 (Figure 3B).
The double-reciprocal plot for the data (Figure 3C) was linear,
indicating that the assumption of independent sites was reason-
able and that the Kd values for these two sites are similar.

Steady-state fluorescence spectra are a sum of the contribu-
tions from each emissive species in solution. Time-resolved

FIGURE 1: Probing surface pockets of S100A7 with isomers of ANS. Cartoon representation of the symmetry-calculated dimer of S100A7 in
complex with (A) 2,6-ANS and (B) 1,8-ANS. Binding of 2,6-ANS to S100A7 displaces the side chain of Met12 (gray) relative to the position
adopted in the native structure (blue), exposing a deep tunnel that spans the S100A7 dimer. The 1,8-ANS, however, does not penetrate as deeply
into S100A7 and as a result does not displace the side chain ofMet12. The 2Fo- Fc electron density maps of 2,6- and 1,8-ANS calculated at 1.2σ
are shown in the bottom left and right panels, respectively.

FIGURE 2: Fluorescence spectra (λex = 319 nm) of 0.5 μM 2,6-ANS
in the presence of increasing concentrations of S100A7: (a) 0, (b) 30,
(c) 50, and (d) 250 μM. The inset shows normalized fluorescence
spectra of 2,6-ANS (0.5 μM) bound to 250 μM S100A7 (1) and in
buffer (2). Buffer consisted of 40 mMTris-HCl, 100 mMKCl, and 2
mM CaCl2 (pH 7.2) at 25 �C.
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studies, however, can differentiate fluorophores that have the
same emission spectra but different emission efficiencies, i.e.,
lifetimes. Time-resolved fluorescence experiments were con-
ducted to determine the fluorescence lifetimes of 2,6-ANS under
conditions similar to those used in steady-state fluorescence
experiments. For 2,6-ANS in the presence of S100A7, all lifetime
decays were fitted to a sum of exponentials (eq 5).

2,6-ANS is short-lived in buffer, and a lifetime of 0.47 ns was
recovered. This is slightly longer than what has been reported
previously (0.35 ns) (55), but this is probably due to poor
resolution for deconvolution of shorter lifetimes from the IRF
in our experimental setup. This lifetime was fixed for all further
fits where free 2,6-ANS was present in solution. To obtain the
lifetime of S100A7-bound 2,6-ANS, fluorescence decays were
obtained under conditions with excess fluorophore, to saturate
protein binding ([S100A7] = 1 μM, and [2,6-ANS] = 5-100
μM). Surprisingly, in the presence of protein, there were two
lifetimes in addition to that for ANS in buffer, and the fluores-
cence decays were adequately fit to a sum of three exponentials.
When the lifetime for 2,6-ANS in buffer was fixed to 0.47 ns, the
two additional lifetimes remained constant, with average values

of 10.7 and 5.08 ns. This means there are three environments
experienced by ANS: one environment in bulk solution and the
other two protein-bound.

The pre-exponential factor (Ai) for each species is related to its
concentration, taking into account the species’ excitation effi-
ciency. The excitation efficiencies are unknown; however, trends
in the Ai values can be correlated to changes in concentration.
Changes in theAi values with changes in the 2,6-ANS or S100A7
concentration can be diagnostic for species with different binding
efficiencies. If, at a constant protein concentration, one binding
site has a higher affinity than the other, this site would be
occupied first, and occupancy of the second weaker site would
occur only as the concentration of ligand was increased. This
would be reflected as an increase in the Ai value for one of the
protein-boundANS species relative to theAi value for the second
protein-bound species. To decrease errors in the Ai values, the
fluorescence decays were fit with lifetimes held constant at 10.7,
5.08, and 0.47 ns (Table 2). As the concentration of 2,6-ANS is
increased, the A3 value for ANS in water increases somewhat,
while the A1 and A2 values for protein-bound ANS decrease
slightly. However, the A1/A2 ratio is constant and equal to 1.2(
0.2, indicating that the two protein sites on which they report are
equally populated and therefore must have similar binding

FIGURE 3: (A)Fluorescence titration of S100A7 (1μM)byS100A7 (I
- I0; λex= 319 nm, and λem=423 nm). (B) Fluorescence titration of
2,6-ANS (0.5 μM) by S100A7 (I - I0; λex = 319 nm, and λem =
415-430 nm). The solid line is the result of the fitting of the data to eq
2, where the number of independent binding sites was fixed to 2. (C)
Double-reciprocal plot for the data from the fluorescence titration of
2,6-ANS (0.5 μM) by S100A7 (I - I0; λex = 319 nm, and λem =
415-430 nm). The solid line is the result of the fitting of the data to
eq 4.

Table 2: 2,6-ANS Fluorescence Decay Parameters at Various 2,6-ANS

Concentrations with a Constant Concentration of S100A7 (1 μM) Recov-

ered from the Fit of the Data to a Sum of Three Exponentialsa

[ANS]

(μM) A1 (τ1 = 10.7 ns) A2 (τ2 = 5.08 ns) A3 (τ3 = 0.47 ns) χ2

5 0.14 0.12 0.74 1.024

10 0.16 0.14 0.70 1.029

15 0.15 0.13 0.72 0.953

20 0.15 0.13 0.73 0.976

25 0.13 0.11 0.76 0.953

30 0.17 0.11 0.72 0.957

40 0.15 0.13 0.72 0.972

50 0.16 0.12 0.72 0.992

60 0.13 0.13 0.74 0.948

70 0.11 0.11 0.78 1.009

80 0.10 0.10 0.82 0.987

90 0.11 0.10 0.79 0.992

100 0.11 0.10 0.80 0.969

aThe lifetimes for each exponential were kept constant with respect to the
average values recovered from fits in which all parameters were free.
Intensity was recorded at a λex of 319 nm and a λem of 423 nm. Buffer
consisted of 40mMTris-HCl, 100mMKCl, and 2mMCaCl2 (pH 7.2). The
errors for the A values are (0.02.

Table 3: 2,6-ANS Fluorescence Decay Parameters at Various S100A7

Concentrations with a Constant Concentration of 2,6-ANS (0.5 μM)

Recovered from the Fit of the Data to a Sum of Two Exponentialsa

[S100A7] (μM) A1 (τ1 = 10.7 ns) A2 (τ2 = 5.08 ns) χ2

10 0.49 0.51 1.161

30 0.50 0.50 1.092

50 0.50 0.50 1.370

75 0.49 0.51 1.086

100 0.53 0.47 0.994

250 0.46 0.54 1.006

aThe lifetimes for each exponential were kept constant with respect to the
average values recovered from fits in which all parameters were free.
Intensity was recorded at a λex of 319 nm and a λem of 423 nm. Buffer
consisted of 40mMTris-HCl, 100mMKCl, and 2mMCaCl2 (pH 7.2). The
errors for the A values are (0.02.
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constants. The additional weak binding of 2,6-ANS to S100A7
observed in the steady-state studies under these conditions is not
apparent in the time-resolved studies. This is most likely because
the increase in the lifetime of 2,6-ANS in these weak binding sites
is minimal and the population of these sites is small.

Experiments conducted with excess protein ([2,6-ANS] = 0.5
μM, and [S100A7]= 10-250 μM) yielded results similar to those
with excess fluorophore. Under these conditions, there is no
contribution to the decay from ANS in buffer, indicating that all
ANS is bound, and all the fluorescence decays were adequately fit
to the sum of two exponentials. The two lifetimes recovered were
similar to the lifetimes of 10.7 and 5.08 ns observed above,
demonstrating that the same binding sites are occupied under
both sets of conditions. To decrease errors in the recovered Ai

values, fits were performed where these two lifetimes were held
constant (Table 3). There were no changes in the A values as the
protein concentration was increased, and the A1/A2 ratio was
constant at 0.9 ( 0.1, indicating again that the populations of
these two protein-bound species are equal and that they must
have similar association constants for the protein.

Because of the lack of fluorescence enhancement from bound
1,8-ANS, we used isothermal titration calorimetry (ITC) to
compare the binding of the two ANS isomers to S100A7.
Isolation of higher-affinity sites by inverse titration of S100A7
into 2,6-ANS was impossible because of the prohibitive amount
of protein required for such ITCmeasurements. Instead, titration
of solutions of each ANS isomer (2 mM) into S100A7 (10 μM)
was conducted at 30 �C. Each injection of 1,8-ANS into S100A7
gave slightly exothermic peaks and little curvature, suggestive of
very weak binding (Figure 4B). The titration of 2,6-ANS into
S100A7 under identical conditions gives larger exotherms and
greater curvature (Figure 4A). Fitting the multiple parameters
(Kassoc, ΔH, ΔS, and stoichiometry n) to unique solutions was

impossible in both cases, as expected for the multiple higher- and
lower-affinity binding sites that are engaged during these ANS-
into-protein titrations. Nevertheless, we can conclude from these
ITC data that 2,6-ANS binds to S100A7 with a more negative
ΔH and a higher affinity versus those of 1,8-ANS.

S100A7 exerts tumorigenic effects in breast cells through an
interaction with Jab1 that can be abrogated upon mutation of
three residues (Asp56Gly, Leu78Met, and Gln88Lys), known as
the S100A7 triple mutant (S100A73) (27). The triple mutant has
been extensively studied in engineered cancer cells lines and using
the yeast two-hybrid assay (27). However, the impact of each
individual mutation has not been assessed. Of particular interest
is Leu78, which lies directly adjacent to the ANS binding site. To
assess the effect of each mutation individually, especially Leu78-
Met, we produced three singlymutated S100A7 clones for use in a
yeast two-hybrid assay with Jab1, in addition to wild-type and
triple mutant S100A7. We observed that each single mutation
was sufficient to abrogate yeast growth on selective medium
(Figure 5), revealing each of the three mutations (Asp56Gly,
Leu78Met, andGln88Lys) is detrimental to Jab1 interaction. The
use of progressively more stringent selection conditions
(increasing concentrations of 3-AT) allows the ranking of the
effect at each residue, in the following order: Asp56 > Leu78 >
Gln88 (Figure 5).

DISCUSSION

X-ray cocrystal structures reveal that both 2,6-ANS and 1,8-
ANS bind at the same Met12 cleft in S100A7 (Figure 1), while
treatments with bis-ANS or Nile Red did not result in the
observation of any bound dye at the Met12 pocket or at any
other surface site on the protein. Solution studies with the two
larger dyes also show no fluorescence enhancement, suggesting

FIGURE 4: Isothermal titration calorimetry (ITC) data for titration of (A) 2,6-ANS and (B) 1,8-ANS into a solution of S100A7. The S100A7
concentration in the cell was 10 μM; the syringe concentrations of 2,6-ANS and 1,8-ANS were 2 mM. The top panel of each figure shows raw
titration data arising from10μL injections,while the bottompanel shows integrated heats of binding for each injection point corrected for heats of
dissolution determined in separate experiments (not shown). Unique fitting solutions could not be determined.
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that they are not bound in solution or in the solid state. Both 1,8-
ANS and 2,6-ANS adopt curved conformations upon binding,
explaining the rejection of the longer andmore rigid bis-ANS and
Nile Red dyes from the deep and narrow Met12 pocket.

Solution studies also reveal no fluorescence enhancement for
1,8-ANS, a molecule whose binding-induced fluorescence has
been used extensively to characterize binding sites in
proteins (55-57). This lack of fluorescence enhancement, which
runs contrary to the binding observed in the solid state, can be
explained on the basis of the crystal structure: the aniline ring of
bound 1,8-ANS is fully exposed to solution and free to rotate
about its C-N bonds, and as such, 1,8-ANS does not experience
the restricted, nonpolar environment that is normally required
for enhancement of emission. The ITC data reveal clearly that
1,8-ANS binding is weaker than that observed for 2,6-ANS.
Although both solution-phase studies show that the affinity of
1,8-ANS for S100A7 must be very low, its appearance at the
Met12 cleft in the X-ray structure suggests that this location is
one of the most hydrophobic sites on the surface of S100A7.
Indeed, while 1,8-ANS makes extensive hydrophobic contacts
between its naphthalene ring and neighboring side chains, the
only polar contacts observed in the structure are two solvent-
exposed hydrogen bonds between the sulfonate of 1,8-ANS and
Gln4.

The binding of 2,6-ANS differs markedly from that of 1,8-
ANS in both solution and the solid state. 2,6-ANS is known to
associate weakly with multiple protein sites (56), and the steady-
state fluorescence data obtained in the presence of excess
fluorophore (Figure 3A) suggest that it can indeed bind to
multiple low-affinity sites on S100A7 that provide some degree
of fluorescence enhancement. However, only two molecules of
2,6-ANS are observed in the cocrystal structure, and both are
deeply buried in the Met12 cleft. Under conditions in which
S100A7 is in excess relative to 2,6-ANS, the fluorescent binding
partner is able to choose and occupy only the highest-affinity
binding sites. Thus, the data arising from inverse titrations of
protein into 2,6-ANS allow isolation of the binding constant of
the highest-affinity sites.

A Kd of 125( 11 μMwas recovered from the fit of the steady-
state fluorescence when the assumption of two binding sites per
S100A7 homodimer was made. Time-resolved studies show two
distinct protein-bound 2,6-ANS species. The ratio of the popula-
tions of these two species does not change with the concentration
of S100A7 or 2,6-ANS, indicating that the dissociation constant
for each species is the same.However, as the lifetimes of these two
species are different, the environments surrounding the fluor-
ophore are not identical.

The crystal structure shows that twomolecules of 2,6-ANS are
bound in the two symmetry-related Met12 clefts of the S100A7
homodimer. However, the two copies of bound 2,6-ANS are
symmetrically disposed in the crystal structure, and such an
arrangement must give rise to identical excited-state lifetimes for
each. How can we explain the consistent observation that each
molecule of bound 2,6-ANS exhibits a different excited-state
lifetime under the large range of conditions studied? It is possible
that in solution the different environments for each copy of 2,6-
ANS arise from differing conformations of the two bound copies
of 2,6-ANS within a perfectly symmetric S100A7 dimer. An
alternative explanation arises if one considers that S100A7
consistently exists in solution as a homodimer with broken
symmetry. Indeed, S100A7 was previously reported to crystallize
as a nonsymmetric dimer in the presence of low Zn2þ concentra-
tions, and that structure reveals striking dissymmetry in the
Met12 region (34). It is possible that a similar nonsymmetric
structure of S100A7 is significantly populated in solution.
Whatever the structural explanation, the use of time-resolved
fluorescence here reveals a loss of symmetry for the S100A7-2,6-
ANS complex in solution that is invisible to steady-state fluor-
escence titrations, X-ray crystallography, and ITC.

One of the two Met12 clefts is open in structure 3PSR (34).
Both are closed in structures 1PSR and 2PSR (33, 34). Both are
partially open in the 1,8-ANS costructure determined here. Both
are completely open and engaged in the presence of 2,6-ANS. Is it
a physiologically relevant binding site? No functional recombi-
nant Jab1 exists, so direct in vitro studies of S100A7 interaction
sites are impossible; however, several indirect lines of evidence
support the relevance of the Met12 binding cleft to the functions
of S100A7. The binding of both ANS isomers in the sameMet12
cleft suggests that this surface patch has the hydrophobic
character typical of protein-protein interaction sites. Further
support for the physiological relevance of the Met12 binding site
is given by examination of the only S100A7 mutations that have
been shown to impact directly a protein-protein interaction of
S100A7. The S100A7-Jab1 interaction and its downstream
signaling effects are abolished upon mutation of Gln88, Asp56,
and Leu78. The S100A7 triple mutant, S100A73, has been
previously shown to abrogate Jab1 binding in yeast-two hybrid
screens and to shut down completely the S100A7-induced
carcinogenic effects in cell-based and xenograft studies of breast
cancer (27). We have also recently shown that the triple mutant
remains folded in the solid state (rmsd of CR atoms of 0.79 Å
relative to the wild type), remains fully loaded with Ca2þ and
Zn2þ, and does not suffer a decrease in melting temperature or
change in oligomerization state relative to the wild type (58),
suggesting that the functional differences of the triplemutant are,
in fact, due to the specific altering of a binding event by one or
more of the three side chain mutations. To examine the relative
contributions of each of the three mutations, we created the three
single mutants and conducted yeast two-hybrid assays for the
interaction of each with Jab1. We determined that each of the

FIGURE 5: Leu78, Asp56, and Gln88 are each necessary for interac-
tion of S100A7 with its ligand Jab1. Yeast strain Y190 was trans-
formed with Jab1-pGBT9 (bait) and wild-type or mutant S100A7-
pACT2.2 (prey) plasmids. Transformants were plated onto leucine/
tryptophan/histidine-deficient medium containing 10, 25, or 50 mM
3-aminotriazole (3-AT) to allow increasing strengths of selection.
Colonies were counted after 1 week and normalized to growth on
leucine/tryptophan-deficient control plates. Data shown represent
colony formation relative to clones transformed with wild-type
S100A7. No cells grew on media with 50 mM 3-AT, and thus, these
data are not shown. Bars represent means of triplicate assays ( the
standard deviation. *P < 0.001 and **P < 0.0001 relative to wild-
type transformants under same selection conditions, based on a
Student’s t test.
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three single mutations significantly weakens the S100A7-Jab1
interaction relative to that of wild-type S100A7, and to a degree
that is similar to the overall effect of the triple mutant S100A73
(Figure 5). While Asp56Gly shows the strongest effect, the
Leu78Met mutation that is directly adjacent to the ANS binding
site is also strong despite the conservative nature of this hydro-
phobic-for-hydrophobic mutation. Two copies of Leu78 line the
hydrophobic gorge along the C2 axis of the S100A7 homodimer,
and the binding of 2,6-ANS to S100A7 causes each monomer’s
neighboring Met12 residue to undergo a well-ordered reorienta-
tion that significantly alters the shape of the continuous hydro-
phobic Met12-Leu78 recognition surface. In the absence of an
S100A7 costructure with any of its protein binding partners, we
cannot speculate in any detail about the orientations of Met12
and Leu78 that might be adopted in the complexes, but all of this
evidence, taken together, leads us to propose that theMet12 cleft
discovered in this study due to its occupation by ANS is relevant
to one or more of the physiologically relevant complexes formed
by S100A7.

The importance of S100 proteins as signaling proteins with
tissue- and pathology-specific distributions is increasing, but few
examples of small molecule binding have been reported for any
members of this family (35-39). Among S100 proteins, S100A7
is typical in its lack of mutation and structural data relating to
functions and formation of complexes. The demonstration of the
Met12 cleft as a small molecule binding site with the potential
also to be a protein-protein binding site is an important step in
understanding and inhibiting protein-protein complexes of
S100A7. We are currently using these data to pursue small
molecules that report on and modify the interaction of S100A7
with Jab1.
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