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Abstract: The design, synthesis, and characterization of a family of peptides modeled after the zinc finger domains,
which has led to the production of a fluorescent peptidyl sensor for divalent zinc with enhanced oxidative stability,
are reported. The chemosensor design comprises a synthetic peptidyl template and a covalently attached fluorescent
reporter which is sensitive to metal-induced conformational changes in the polypeptide construct. The modular
synthetic approach employed for the construction of these chemosensors allows independent modification of the
metal coordination sphere and the fluorescent reporter group. The structural, fluorescence, and zinc binding properties
of these peptides and the effects of integrating various environment sensitive fluorophores, 4-(dimethylamino)-
benzamide, 5-(dimethylamino)naphthalenesulfonamide, and 3-carboxamidocoumarin, are described. Manipulation
of the ligand sphere, by removal of one of the pair of thiolate ligands, was undertaken to enhance the oxidative
stability of the chemosensor. For each of these peptides, the apparent dissociation constant of thezpeptide
complex has been determined by spectroscopic methods. High-affinity binding, with dissociation constants ranging
from 7 pM to 65 nM, is observed.

Typically, this difficulty has been addressed by the exploitation
of proteins for their unmatched selectivity in binding small
molecules® Thus, biological signal transducers, i.e., “biosen-
sors”, have been devised from existing proteins for the divalent
cations of zind112 mercury!® copper and cobalt and even
organic molecules such as cAMP,

Introduction

Fluorescent indicators have revolutionized the process of
quantifying metal cations in agueous media, and in particular
within biological samples. The importance of fluorescent
indicators for the intracellular measurement of sodium and
potassiun, calcium?3 magnesiunt,and pH- is well known. _
Due to the success of these agents, the design and production The need for new chemosensors for many analytes continues

. . ictl6 i i i i
of fluorescent chemosensors for other species continues to bd® eXiSt° Although the analyte binding selectivity which may
an active area of interest. be obtained with a biosensor is remarkable, the complexity of

The central problem in the production of new fluorescent @ large biomolecule can impose greater design constraints
sensors for the detection of metal cations lies in selectiviy. ~ relative to an abiotic sensing molecule. For example, proteins
fact, there are successful intracellular fluorescent probes only YPically lack the fluorescence characteristics of a useful sensor,
for the divalent cations M and C&*, which are present at and thus a strategy involving affinity labeling or an auxiliary
the highest concentration within the cell. For example, the diffusible fluorophore is required for signal transduction. In
concentration of ionized Z within a cell or in sea water is  tiS light, the production of a purely synthetic chemosensor is
commonly 16-fold less than that of M or C&.8° Thus, desirable as the_re is greater flexibility for systematic variation
the fluorescent indicator fura-2 may bind Znwith greater of the analyte blndlng and fluo_rescent moieties of the sensor.
affinity than C&", but remains a cellular probe for free calcium. 1€ recent production of peptidyl motifs with tunable metal

In order to prevent spurious cross-talk, the relative affinity of
the sensor for the ion of interest must exceed the cumulative

concentration excess imposed by all other competing species
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binding propertied! as well as those with novel fluorescent
signaling capabilitie$® highlights the applicability of this
technique.

We have investigated the production of zinc-responsive
fluorosensors using a hybrid approach. By exploiting the
selective metal binding properties of the zinc finger doméins,
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Scheme 1 Table 1. Amino Acid Sequences of the Synthetic Zinc Finger
Peptides
L il |
w [ ! peptide sequenge
i ’ 7 9 FSOIDMB  Ac-B(DMB)ACDICGKNFSQSDELTTHIRTHT-NH
¢ A Znz r 4 Ly’ FSO02DNS  Ac-B(DNS)ACDIHGKNFSQSDELTTHIRTHT-NH
Ly —= A | FSO2CMN  Ac-B(CMN)ACDIHGKNFSQSDELTTHIRTHT-NK
& = r—§L 7 FSO3DNS  Ac-YQCQYCEKRB(DNS)ADSSNLKTHIKTKHS-NH
P i |\ K '% FSO4DNS  Ac-YQCQYDEKRB(DNS)ADSSNLKTHIKTKHS-NH
L il 7

=\ 2The standard one-letter convention for naming amino acids has
L “- been followed. The residue “B” refers t6)¢2,3-diaminopropionic acid
or L--amino alanine (Baa). The three letters in parentheses following
. this residue denote the covalently attached chromophore: BMB
we have sought to combine the advantageous aspects of both.-(dimethylamino)benzamide, DNS 5-(dimethylamino)naphthylene-
abiotic chemosensors and biosensors within a synthetic polypep-sulfonamide (dansyl), CMN= 3-carboxamido coumarin, DNG
tide architecture. Zinc finger peptides bind divalent zinc avidly, S-(dimethylamino)naphthalene-1-carboxamide.

with dissociation constants as low as 5.7 pM reported for the 146 5 Apparent Dissociation Constants for Peptizie

peptideZn?" complex?® and with great selectivit§??! A single Complexes
zinc finger domain is 2530 residues in length and may be coordination coordination
described by the consensus sequence (F/Y)-X,CrX-X3-F- peptide sphere Kb peptide sphere K'p

22,23 i

Xg-L-Xz-H-X3-5-H-X26.5%% Importantly, peptides of these  £5o1pve CysHis, 7pMe FSO3DNS Cysis, 140 phF

lengths are synthetically accessible by chemical techniques. FS02DNS  CysHis  3nM° FS04DNS CysAspHis 65 nivbd

Furthle.rn:jore,gl?clcf{l.ngirzsé heil:./ehbeenlshown to lundergc; Le\aersmle 2 Determined by competitive titration with €oand Zr#*. ° Deter-

metal-induced folding*>which nucleates a cluster of hydro-  ineq by competition with the indicator mag-fura-2 for2Zn De-

phobic residues (underlined above). termined by competition with the indicator 4-(2-pyridylazo)resorcinol
; i7ati for Zn?*. d1nitially forms a presumed 2:1 peptidenetal complex at

fl Recentl){ we rt(.eg)c?rtehd the Syntheils ag.]d cl:hira(.:tenzattlton Ofdalow concentrations£20 nM) of free Zi#*. The value represents the

uorescent peptidyl chemosensor for divalent zinc, patterned znharent value at 20 nM free Zi+.
after the zinc fingerd® An aromatic residue of the hydrophobic

cluster of the parent sequence was replaced with a derivative,yith enhanced oxidative stability. The structural, fluorescence,
of f-aminoalanine, incorporating an orthogonally protected side- anq zinc binding properties of these peptides are described.
chain amine. At the completion of the peptide synthesis, this

residue may be selectively deprotected and then coupled withResults

a variety of amine-reactive fluorophores to produce a selectively ) .

labeled fluorescent peptide. Deprotection and cleavage of the Modular Fluorophore Incorporation. A key feature in the
peptide from the synthesis resin affords the completed chemosenSYNthesis of these peptides is the residge2(3-diaminoN®-

sor. The microenvironment experienced by the fluorophore- (9-f|uprenylmethyloxycarbonyll}f-(ally loxycarbonyl)propano-
bearing residue changes upon pepf@* complex formation, ic acid (Fmoc&-Baa(_a}IIoc)-_Ol-_I)Z. This re3|du_e may k?e incor-
resulting in enhanced fluorescence. A depiction of this mech- porated'at any position W'th'n. the polyp_eptlde chain. At the
anism for signal transduction is shown in Schem& 1in completlon of synthe§|s but prior to peptide cleayage, ‘h‘?.s'de
addition, we note the subsequent report of another Sensorchaln may be selectively deprotected under mild conditions

developed along similar liné8 but which uses two fluorophores using a palladium cataly$t. The liberated amine is then

and a resonant energy transfer mechanism for signal transduc:-ava'labl.e for cou_phng with a .varlety of quorophore.s. The
tion modularity of peptide synthesis is preserved through this strategy

o for fluorophore introduction.
Both of these sensors are capable of quantifying nanomolar

- . S The sequences of the peptides discussed in this paper are
concentrations of Z&T, but are susceptible to oxidation through shown in Table 1. The amino acid sequence of each “fluores-

the formation of an intramolecular disulfide bond and are thus cent sensor” peptide has been denoted with the first four letters
mcc_)mp_auble with aqueous O_X'da”ts including oxygen_an_d redox of its name (i.e., FS01, FS02, etc.), with the last three letters
active ions such as €t This may not be problematic in the  yepresenting the fluorophore incorporated (see below). In
reducing environment of a cell, but application of these sensors qgition, the previously reported fluorescent sensing peptide
toward the measurement of environmental samples would be(zNS1) will be referred to as FSO3DNS, consistent with the
precluded. terminology used for the remainder of the peptides discussed
Herein we report the design, synthesis, and characterizationin this text. The standard one-letter convention for naming
of the family of zinc finger peptides, which has led to the amino acids has been adopted with the addition of the
production of a fluorescent peptidyl sensor for divalent zinc nonstandard amino acygtaminoalanine, which is represented
by the letter B. The three letters in parentheses following this

376(3119) Berg, J. M.; Merkle, D. LJ. Am. Chem. Sod 989 111, 3759~ residue denote which chromophore is covalently attached to the
(20) Krizek, B. A.; Merkle, D. L.; Berg, J. Minorg. Chem1993 32, side-chain amine of this residue. The abbrg:wanons gsed, and
937-940. the structures they represent, are DMBA-(dimethylamino)-
(21) Krizek, B. A.; Berg, J. MInorg. Chem.1992 31, 2984-2986. benzamide, DNS- 5-(dimethylamino)naphthalenesulfonamide
ggg Eﬁjg' i'-'vslﬁr?vcvé ggeT-ﬁegngggE%Sbll‘gsls% 597-604 (dansyl), and CMN= 3-carboxamido coumarin. The structures
(24) Eis, P. S.; Lakowicz, J. FBiochemistryl993 32, 7981—7993. and a summary of some of the fluorescence properties of these

(25) Frankel, A. D.; Berg, J. M.; Pabo, C. Broc. Natl. Acad. Sci. U.S.A.  moleculed! are shown in Figure 1.
1987 84,4841-4845.

(26) Walkup, G. K.; Imperiali, BJ. Am. Chem. S0d.996 118,3053~ (29) Sinha Roy, R. Ph.D. Thesis, California Institute of Technology, 1996.
3054. (30) Kates, S. A.; Daniels, S. B.; Albericio, Anal. Biochem1993
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Aex  Mem Q
nm nm
o]
MezN—©—<f DMB 310 475-525 0-0.1
o
fo\i CMN 315 400-450  0.05-0.3
o” "o
Me ‘ Lo DNS 335 500-550  0.05-0.5
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Figure 1. Structures of some fluorophores incorporated within zinc

finger peptides and their spectral properti@ss the solvent-dependent
quantum yield (values were taken from the literati)re
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Figure 2. Circular dichroism spectra of FSO1DMB (solid lines) and
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Figure 3. (a) Absorption spectra of 3,8M FS01DMB (path length

10 cm) upon addition of Coglup to 100uM in 10 mM HEPES, pH

7.0. (b) Absorption spectra of the same upon the subsequent addition
of ZnCl, up to 8.5uM.

the Zr#™-induced change in the CD spectra is pH dependent,
with no structural change apparent at gH4. Again, this is
similar to that for a zinc finger peptide characterized previ-
ously3”

The metal binding affinity of this peptide was probed by YV
vis spectroscopy to verify that the peptidyl template would bind
Zn2t with the avidity characteristic of the zinc finger domains
and test whether the incorporation of the fluorescent probe
significantly interferes with zinc binding. Because®Zris a
spectroscopically silent ion with an electronic configuration of
d™0, the determination of the 2h binding affinity of zinc fingers
has commonly been determined through competition experi-
ments with Cé".1°-38 Within the tetrahedral $l, coordination
geometry of a zinc finger a-ed transition of bound Co is
observed?® This technique was used to probe theZhinding
properties of FSO1DMB. The metal cation titration of FSO1DMB
was monitored by UV-vis spectroscopy as illustrated in Figure

FSO2DNS (dotted lines) in 0.5 mM HEPES, pH 7.0, in both the absence 3. The dissociation constants for both the2Goand Zr+-

and presence of divalent zinc: (a) 12«8 FS01DMB; (b) 12.9uM
FS01DMB, 14uM ZnCl; (c) 9.2uM FS02DNS; (d) 9.«M FS02DNS,
14 uM ZnCl,.

FS01DMB. The initial design of a fluorescent zinc finger

peptide was based upon the sequence and structural informatiory

available from a crystal structure of Zif268The microenvi-

ronment sensitive fluorophore DMB was chosen for its unique
spectroscopic properties. Unlike most solvent sensitive fluo-
rophores, this molecule responds to decreasing microenviron-

ment polarity with the production of a significantly red-shifted
emissiort® A chemosensor that exploits this property of DMB

chromophore for polarity-dependent signaling has been previ-

ously reported* The fluorophore was attached to the peptide
as theN-terminal residue of the hydrophobic cluster. Unfor-

tunately, the fluorescence emission of this peptide was insensi-

tive to the addition of divalent zinc.

Circular dichroism (CD) studies were undertaken to probe
whether metal-dependent structural changes could be observe
The CD spectra of FSO1DMB at pH 7.0, alone and in the

presence of an excess of Zn are shown in Figure 2. The

structural changes which accompany zinc addition are similar

to those seen for other zinc finger peptide%>36 Additionally,

(32) Pavletich, N. P.; Pabo, C. Gciencel991, 252,809-817.

(33) Bhattacharyya, K.; Chowdhury, MChem. Re. 1993 93, 507—
535.

(34) Hamasaki, K.; lkeda, H.; Nakamura, A.; Ueno, A.; Toda, F.; Suzuki,
I.; Osa, T.J. Am. Chem. S0d.993 115,5035-5040.

(35) Paraga, G.; Horvath, S. J.; Eisen, A.; Taylor, W. E.; Hood, L. E;
Young, E. T.; Klevit, R. E.Sciencel988 241,1489-1492.

(36) Weiss, M. A,; Mason, K. A; Dahl, C. E.; Keutmann, H. T.
Biochemistryl199Q 29, 5660-5664.

bound species were obtained from calculations using the
absorption data obtained at 645 nm.

Mathematical treatment of the data was based on a simple
two-state equilibrium described by the Scott equatforDis-
ociation constants were obtained from an iterative calculation
procedure in which successive approximations off{ee
bAA (ordinate) are plotted against f¥qee (abscissa), where
[M2*]qee is the free divalent metal in solutiom, is the path
length of the cell, and\A is the absorbance change observed.
For initial calculations, only the higher metal concentrations
were plotted in the assumption that #ota & [M%*]free. By
doing so, [M*]xee values were estimated more accurately, and
the procedure repeated until convergence occurred. From the
final plot, the apparent dissociation constant is obtained from
they-intercept/slope. In the case of theZZitration, a relative
dissociation constant was determined, which was multiplied by
the C3* complexKg to give the apparent peptida?+ complex

4. Representative plots showing the final iteration of calcula-
ions for both Cé" addition and ZA&" competition are shown
in Figure 4. The dissociation constants obtained were:®18
for the C&" complex and 7 pM for the Z1 complex.

FS02CMN and FS02DNS.The polarity dependence of long-
wavelength emission for the DMB chromophore stimulated the
initial interest in this group as a fluorescent reporter. However,
with the undesirable emission properties of FSO1DMB, other

(37) Krizek, B. A.; Amann, B. T.; Kilfoil, V. J.; Merkle, D. L.; Berg, J.
M. J. Am. Chem. S0d.99], 113,4518-4523.

(38) Maret, W.; Vallee, B. LMethods Enzymoll993 226,52—71.

(39) Bertini, I.; Luchinat, CAdv. Inorg. Biochem1984 6, 71—-111.

(40) Connors, K. ABinding Constants: The Measurement of Molecular
Complex StabilityWiley-Interscience: New York, 1987; p 411.
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310% Table 3. Fluorescence Emission Properties of PepHdé"
i a Complexed
P 2109 peptide e A Fimes FE e
f FS02DNS 552 548 1.3 1.3
H FSO3DNS 560 525 24 3.0
r': 110%L FS04DNS 560 543 1.7 1.8
o DNS-AsrP 560 560
3 @ Data were acquired with excitation at 333 nm in 50 mM HEPES,
0 10° ! . 1 L pH 7.0, 0.5 M NaCl. Data for FSO3DNS were acquired with the
010° 210° 410° 610° 810° 110* addition of 50 mM MgCJ, and 10 mM CaGl| 100 M CoCl,. Data
[Co%*] (M) for FSOADNS were acquired with the addition of 50 mM MgdlO
tree mM CaClb, and 0.1uM each FeGJ, CoCh, NiCl,, CuCh, and CdCj.
—y =8.39e-05 + 30.1x R= 0.999 b Dansyl asparaginé Wavelength of maximum emission for the peptide
0 10° in the absence of divalent zintWavelength of maximum emission
" b for the peptidezr?t complex.® Fluorescence intensity of the peptide?*
p4 complex atAZh normalized such that the fluorescence intensity at
5 2104k © o A°max = 1.7 The fluorescence enhancement at the wavelengih
o SN defined asFE;,,, = Ff'm“ax/l where | is the fluorescence intensity at
] AZn in the absence of divalent zinc.
x:-: -4 10"
1
e
E -4 1 | L |
-6 10 0.8

010 310° 610° 910°1.210%1.510°
2 +
[Zn"7]),, .. (M)

——y =-7.98e-05 + -33.4x R= 0.987

Figure 4. Analysis of the data obtained from Figure 3 where 3\8 0.4
FSO01DMB is titrated with CoGlup to 100uM followed by titration

with ZnCl, up to 8.5uM. The ratio of y-intercept/slope gives the

apparent dissociation constant of (a) 2\ for the C&" complex and 0.2
(b) 7 pM for the Z@A* complex.

0.6

Abs

fluorophores were investigated for the next generation peptide. 200 250 300 350 400 450 500
Fluorophores were chosen to be small in size in order to be Wavelength (nm)

well accommodated within the hydrophobic cluster, yet with

known polarity-dependent emission properties. As aresult, the 1
fluorophores CMN and DNS were chosen for incorporation b o
within the FS02 template. In addition, the substitution Cys o

His was made to probe the effect of changing the metal
coordination sphere to one incapable of forming an intramo-
lecular disulfide. This peptide provided the initial access to an
oxidatively stable peptidyl template.

The effect of ZA* on the fluorescence emission of FS02DNS
and FS02CMN was investigated. The dansylated peptide
FS02DNS showed metal-induced fluorescence changes, whereas
FSO02CMN did not. As a consequence only FS02DNS was
investigated further. The effects of zinc addition on the
fluorescence of FSO02DNS are summarized in Table 3.

To assess the structural implications of ligand replacement
within the zinc finger motif, CD spectra were obtained and the [Zn?1, .. (nM)
zinc binding affinity of FS02DNS was investigated. The?Zn Figure 5. (a) Absorbance spectra of 13 FS02DNS and 22.6M
induced structural changes of the CysHisotif are minimal, mag-fura-2 upon addition of Znglip to 32uM in 50 mM HEPES,
which is consistent with the small increase in fluorescence pH 7.0, = 0.15 (NaCl). (b) Binding isotherm calculated from the
intensity. data in (a).

Addition of Cc?" to FS02DNS did not produce a—d
absorption band indicative of tetrahedral coordination. Thus,
the zinc binding affinity of FSO2DNS was assayed by a
competition experiment with furaptra (mag-fura®2Mag-fura-2
forms a 1:1 complex with Zt, with a dissociation constant of
20 nM determined via fluorescence measurem&ntdowever,
large shifts in the UV-vis absorption spectrum are observed
upon the addition of Z# as well. Consequently the competi-
tion was monitored by absorption spectroscopy, to avoi
interference from the fluorescence of the peptide itself. In the
absence of divalent zinc, the absorbance maximum of mag-

0.6

Fraction bound

o
0]
0.4 [°
o]
D

0.2

0 20 40 60 80 100

fura-2 occurs at 366 nm, with an extinction coefficient of 29 900
M~1cm~L When mag-fura-2 is bound to Zh the absorbance
maximum blue-shifts to 325 nm, and the extinction coefficient
at 366 nm decreases to 1880 Mcm™L. A typical titration in
which aliquots of ZnCl are added to a solution of FS02DNS
and mag-fura-2, and the corresponding binding isotherm for the
formation of peptideZn?* complex are shown in Figure 5. The
d dissociation constant calculated for the FSO2ERB" complex
was 3.0+ 0.5 nM.

FSO3DNS. The results from the first two generations of
fluorescent sensing peptides indicated that judicious placement
(41) Simons, T. J. BJ. Biochem. Biophys. Method993 27, 25—37. of the fluorophore is required for the generation of a significant
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Figure 6. Circular dichroism spectra of FSO3DNS (solid lines) and
FSO04DNS (dotted lines) in 0.5 mM HEPES, pH 7.0: (a) 2/@
FSO3DNS; (b)12.3uM FS03DNS, 120uM CoCl,; (c) 12.2 uM
FSO3DNS, 14.5uM ZnCly; (d) 8.6 uM FSO04DNS; (e) 8.6uM
FS04DNS, 1M ZnCl,.

J. Am. Chem. Soc., Vol. 119, No. 15, 199747

Abs

| L
500 550
Wavelength (nm)

Figure 7. Absorption spectra of 240M PAR, in 50 mM HEPES, pH
7.0, upon the addition of (a) 108V ZnCl,, (b) 3.49uM FSO3DNS,
(c) 6.96uM FSO3DNS, (d) 10.4M FSO3DNS, (e) 17.aM FS03DNS,
(f) 27.5uM FSO3DNS.

450 600

determination of low picomolar proteifrzinc dissociation

change in fluorescence upon metal binding. In addition the constant$® An excess of PAR, sufficient to assure99% of
peptidyl template must be able to tolerate the inclusion of the the Zrf™ bound to PAR was in the 2:1 form, was used. The
chromophore within the hydrophobic cluster. We examined the results from a typical competition experiment are shown in

published solution structures of several zinc fing@rg® with
particular attention given to work in which residues which

Figure 7. Incremental additions of FSO3DNS to a solution
containing PAR and Zt result in a decrease in the fraction of

comprise the hydrophobic cluster were varied. As a result, the PAR involved in the PARZn complex, resulting in a diminution

zinc finger domain “ZFY-swap*® was selected as the template,

of the PARZn signal observed at 500 nm. The apparent

with Phé? of that sequence chosen for replacement with the dissociation constant for the FSO3DN®2* complex was
dansylated Baa amino acid derivative, as opposed to position 1determined to be 14& 30 pM.

which was used for the first two generation peptides.

FSO04DNS. In light of the success of FSO3DNS as a

The fluorescence properties and zinc sensing behavior of fluorescent sensor of divalent zinc, modification of the peptidyl
FS03DNS, which are sensitive to nanomolar concentrations of template was undertaken to enhance the oxidative stability of

divalent zinc, have been reported previol®lyThe circular
dichroism and zinc binding affinity of this peptide are now

the chemosensor. The naturally occurring metal binding
residues, histidine, aspartic acid, and glutamic acid, were

presented. The structural response of FSO3DNS to different considered to replace one of the cysteines. Molecular modeling

divalent metal cations is markedly different (Figure 6, solid

suggested that C§swould be more tolerant toward residue

lines). In the absence of divalent metal cations, the CD spectrumsubstitution. Ultimately the change of Gys- Asp was made
of FSO3DNS appears to be predominantly random coil, similar to maintain the charge neutralization that is provided by the

to other zinc finger domains, and the FSO3DRIS" species
has a CD spectrum that is characteristic of natur@i*zmound
zinc finger domains. By comparison, the FSO3DR&"

native thiolate ligand, and match the size of the replacement
residue as closely as possible to that of the native ligand.
Modification of the ligand sphere of the zinc finger has little

species has a CD spectrum which is much less negative at 22Zffect upon the extent of metal-induced structural change (Figure

nm than that of the FSO3DNB2" complex, suggesting that
less helical content is present in the?C@omplex.

Similar to FS02DNS, the Go complex of FSO3DNS did
not display a diagnostic-eld absorption band between 600 and
700 nm. However, the zinc binding affinity of FSO3DNS is

6, dotted lines). The fluorescence properties of FSO4DNS retain
the Zr?+ sensitivity observed for FSO3DNS. More importantly,
FSO04DNS is compatible with redox active metal cations such
as Cé#*. The fluorescence emission response of FS04DNS to
divalent zinc is summarized in Table 3.

too high to be assayed accurately with mag-fura-2. An alternate The Zr#* binding affinity of the peptide FS04DNS was

indicator, 4-(2-pyridylazo)resorcinol (PAR) was selected. PAR
forms both 1:1 and 2:1 complexes with Zn with stepwise
apparent affinity constants of 4.0 10f and 5.5x 10° M1,
respectively (at pH 7.0¢ = 0.1)#” Addition of Zr*" to a
solution of PAR produces an intense absorbance at 50Qvam (
= 6.6 x 10* M~ cm™!) which has been used for the

(42) Kochoyan, M.; Keutmann, H. T.; Weiss, M. Rroc. Natl. Acad.
Sci. U.S.A199], 88, 8455-8459.

(43) Hoffman, R. C.; Horvath, S. J.; Klevit, R. Protein Sci.1993 2,
951-965.

(44) Lee, M. S.; Gippert, G. P.; Soman, K. V.; Case, D. A.; Wright, P.
E. Sciencel989 245,635-637.

(45) Omichinski, J. G.; Clore, G. M.; Appella, E.; Sakaguchi, K.;
Gronenborn, A. MBiochemistryl99Q 29, 9324-9334.

(46) Weiss, M. A.; Keutmann, H. Biochemistry199Q 29,9808-9813.

(47) Hunt, J. B.; Neece, S. H.; Ginsburg, Anal. Biochem1985 146,
150-157.

evaluated by a competition assay with mag-fura-2. Analysis
revealed that treatment of the binding competition assuming 1:1
peptide-metal complex formation (as described for FSO2DNS)
did not suitably model the data. Initial formation of 2:1
peptideZn?t complexes has been observed for other zinc finger
peptides’®*including a zinc finger-derived fluorosens®rin
those systems, Cy&Zn?" complexes are formed at low Zn
concentrations due to the preference of the zinc ion for a soft
ligand2051 |t is presumed that the proposed CysiAisp

(48) Jefferson, J. R.; Hunt, J. B.; Ginsburg, Anal. Biochem199Q
187,328-336.

(49) Michael, S. F.; Kilfoil, V. J.; Schmidt, M. H.; Amann, B. T.; Berg,
J. M. Proc. Natl. Acad. Sci. U.S.A992 89, 4796-4800.

(50) Shi, Y. G.; Beger, R. D.; Berg, J. NBiophys. J.1993 64, 749—
753.

(51) Pearson, R. G5ciencel966 151,172-177.
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coordination sphere of FS04DNS operates within the same p
manifold, preferring at low Z# concentrations to bind thiolate
ligands to divalent zinc in the place df or O ligands.

To further probe the Zt binding behavior of FSO04DNS,
the apparent dissociation constant for the FS04DN%
complex was calculated from each spectrum in the mag-fura-2
competition experiment by applying a mathematical treatment
analogous to that described for the PAR competition assays used
with the peptide FSO3DNS. At low concentrations of freé'Zn . l | |
(<20 nM) the apparent dissociation constant of the FS04- 400 450 500 550 600 650 700 750
DNS-Zn?" complex is indeterminate by this method. However, A (nm)
at free ZR&* concentrations greater than 20 nM, the 1:1 complex em

is the dominant peptidemetal species and the apparent complexes, corrected for the concentration of the fluorophore, as
. o o - . , )
dissociation constant of the FS04Di¥8" complex is obtained compared to the model compound dansyl asparagine: (a) dansyl

as 65 = 5) nM. asparagine, (b) FS02DNB®*, (c) FS04DNSZre*, (d) FSO3DNSZ2".

Fluorescence
O

Figure 8. Fluorescence emission spectra of several petite

Discussion In any case, it is likely that a metal-dependent change in the

The development of an oxidatively robust fluorescent peptidyl CD spectrum for a given peptide is indicative of a concomitant
chemosensor for divalent zinc has been presented. Severafhange in the microenvironment of the fluorophore, whether it
synthetic zinc finger peptides have been characterized by aresults solely from changes in secondary structural content or
variety of techniques including CD, UWis, and fluorescence includes a contribution from the fluorophore itself.
spectroscopy. For each of these peptides, the apparent dis- This expectation is borne out by the CD studies performed
sociation constant of the peptideinc complex has been on these peptides. Both FS01DMB and FS02DNS, which are
determined, and all bind divalent zinc with high affinity. A derived from Zif268, show small changes in structure upotf Zn
summary of the zinc binding affinities of these peptides is addition (Figure 2). By comparison, the Zrinduced structural
provided in Table 2. A summary of the fluorescence emission changes of FSO3DNS and FS04DNS, which are derived from
properties of the dansylated peptides is presented in Table 3.ZFY-swap, are much larger (Figure 6). Since FS02DNS,
Furthermore, the peptides FSO3DNS and FS04DNS are usefuFSO3DNS, and FSO4DNS share the same fluorophore, the effect
as sensors for divalent zinc having appreciable fluorescenceof structural change upon fluorescence may be compared directly
response, with FSO4DNS being an oxidatively robust fluorosen- with the caveat that the fluorophore is attached at a different
sor. position within the primary sequence of the former peptide. In

Selection of the Peptidyl Template. A metal cation these cases, larger metal-induced changes in secondary structure

chemosensor requires two parts of equal importance, a metameasured by CD correlate with larger changes in fluorescence
binding moiety and a fluorescent signaling moiety. The central emission. These results highlight the importance of the inherent
challenge for the production of new chemosensors for divalent structural content of the peptidyl template in the absence of
metal cations remains one of selectivity. The avid and selective Metal cations for fluorescence signaling.
binding of Zr*™ exhibited by the zinc finger peptides was Accommodation of the Fluorophore within the Hydro-
therefore exploited for the metal binding (sensing) event. The phobic Cluster. Of paramount importance for the production
native zinc finger peptides, however, lack a spectroscopic handleof a sizable fluorescence response is the ability of the folded
of sufficient sensitivity to signal this metal-dependent change. peptidyl template to accommodate the presence of a bulky
In these peptides a structural change from predominantly randomfluorophore. For the dansyl chromophore, increasing emission
coil to folded domains occurs upon bindingZrwhich serves intensity with increasing blue-shift indicates the fluorophore is
to alter the microenvironment of specific residues from being in a less polar microenvironment. Thus, the protection of the
solvent exposed to participating in a hydrophobic cluster. Thus, fluorophore from bulk solvent provided by the peptidyl template
to transduce this metal binding event in a chemosensor, amay be estimated qualitatively from the emission spectra.
fluorophore-bearing residue was incorporated in the place of Concentration-corrected fluorescence emission of spectra of the
the residues involved in the hydrophobic cluster of a zinc finger model compound dansyl asparagine and the zinc complexes of
peptide. FS02DNS, FS03DNS, and FSO4DNS are presented for com-
Importance of Metal-Induced Secondary Structural parison in Figure 8. The fluorescence emissions from the zinc
Changes. The efficacy of this mechanism of microenvironment complexes of FSO03DNS and FSO04DNS are the most blue-shifted
sensitive fluorescence for signal transduction depends on theand intense, indicating more complete accommodation of the
magnitude of the change experienced by the fluorophore. It is dansyl group as a member of the hydrophobic cluster. However,
therefore expected that a large change in secondary structuréhe emission of the FSO4DN&n?* complex is diminished
upon binding ZA" would be accompanied by a concomitant considerably relative to that of FSO3DN®2*, which differs
change in fluorescence. Interpretation of the CD data is subjectin only one residue. Clearly a subtle interplay exists between
to the caveat that the fluorophores used in this study could the geometry of the metal ligating residues and the topology of
contribute to the spectra in a manner unlike native proteins. the folded peptide.
Specifically the negative ellipticity observed for FSOSDR& " Ligand Choice and Zinc Binding Affinity. To construct
between 250 and 280 nm (Figure 6c) is a feature not commonly an oxidatively robust sensor from the zinc finger template
observed for zinc finger complexes, and may result from the requires the substitution of one of the metal binding cysteines.
dansyl chromophore. However, the CD spectra of all the However, substitution of the cysteine residues, which comprise
peptideZn2* complexes obtained bear resemblance to those of the native metal coordination sphere, for other naturally occur-
naturally occurring zinc finger domains, regardless of the ring metal binding residues reduces theZhinding affinity
incorporated fluorophore. These results suggest that the CDexhibited by the template (Table 2). This is presumably due to
spectra are not dominated by specific fluorophore-related effects.the preference of ions with electronic configurations ¥¥fdr
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soft ligands?? Thus, the peptides FSO1DMB and FSO3DNS Table 4. Calculated and Observed Electrospray Mass Values for
with S;N, metal binding sites have the highest affinity for?Zn the Synthetic Zinc Finger Peptides

followed by FSO02DNS with a SNsite, and ultimately by peptide formula [MH]calca [MH *opsa
FS04DNS which has an SO Iigation Sphere. ES01DMB G2oH186040N37S 2853.2 2852.6

Initial access to an oxidatively robust fluorescent chemosensor FS02DNS GoeH19042N30S, 2973.3 2973.5
for divalent zinc was obtained in the peptide FSO2DNS by FS02CMN GadH185042N41S 2912.2 2912.6
making the substitution C§s—~ His in the parent sequence of ~ FSO3DNS GaH214042N42Ss 3230.7 3231.0

FS01DMB. While this peptide was tolerant of redox active FSQ4DNS GaoH21504N2S, 32405 32413

metal ions, the fluorescence response té*4mas too small to

be useful as a sensitive probe of divalent zinc concentrations. anhydride/triethylamine, 4 mL:68.:94 L) for 0.5 h and then washed

In addition, fluorescence emission experiments carried out with with DMF (5 x 10 mL) and MeOH (5x 10 mL). Residual solvent
competing C&" and Zr#* indicated that FSO2DNS bound was removed under reduced pressure.

divalent copper with at least 2 orders of magnitude preference Allyloxycarbonyl Removal. The method of Kates et &.was
over zinc (data not sown). On the basis of this knowledge, employed with some minor modifications. A typical procedure for
alternate ligating residues were considered for incorporation in removal of the allyloxycarbony! (alloc) group was as follows. Under
the place of cysteine for the design of FSO4DNS. Aspartic acid 2 bl_anket of nitrogen, a 20-mL plastic, stoppered vial was charged yvith
was selected as a replacement for Qgsmost closely mimic resin from the completed peptide synth_eS|s (300 mg, Q.Zl mequiv/g,
the steric and charge neutralization properties of the thiolate $3#M0}. and 5 mL of a solvent cocktail (CH&inorpholine/AcOH,

ligand. In addition. the carboxvlate ligand exhibits flexible 90:5:5). The resin was allowed to swell for 10 min, and then tetrakis-
g ; ! y 9 (triphenylphosphine)palladium (200 mg, 1#ol) was added under

coordination geometr§? which was expected to relax the  ; pianket of nitrogen. The vial was capped, shielded from light, and
stringent steric requirements for metal ligation. placed on a wrist-action shaker at low speed for 2 h. The resin was
Modification of the ligation sphere of FSO3DNS resulted in filtered and washed with CHE(5 x 10 mL) and a palladium chelating
the production of a fluorescent peptidyl chemosensor for divalent cocktail (DMF/diethyldithiocarbamic aci@H,O / triethylamine, 25 mL:
zinc with enhanced oxidative stability. The fluorescence 225 mg:25QuL). Traces of this solution were removed with a basic
response of FS04DNS is responsive to submicromolar to wash (05% viv triethylamine in DMF), and a final wash with methanol.
micromolar concentrations of 2h, in the presence of redox The resin was transferred to a clean plastic vial, and the residual solvent
active metal cations (Ct, F&*) and vast excesses of the 'émoved under reduced pressure. _ _
competing divalent cations Mg and C&" (Table 3). It is Fluorophore Coupling. Lyophilized resin was take'n directly from
particularly relevant that this chemosensor is compatible with tl?; ::jlgﬁi-c;ﬁn;%ael g;zg)ef;rr;’]paq% Zgzme(gégezwéi”rg"?g;éz ;nrrl;i)ﬁe)
a>50000-fold excess of Mg and>10000-fold excess of Ca ’ .

. - L . of dansyl chloride was added, followed by 10 equiv of triethylamine.
given the concentration of these species in biological sampleS'CoupIing of 4-(dimethylamino)benzoic acid or 3-carboxycoumarin was

) performed with standard ((benzotriazol-1-yloxy)tris(dimethylamino)-
Conclusion phosphonium hexafluorophosphate (BOP) coupling. In all cases, after

The zinc finger motif provides an architecture which is viable the addition of the acylating reagent, the vial was capped under a blanket
of nitrogen, and placed on a wrist-action shaker at low speed for 2 h.

for the production of fluorescent sensors. The ease with which 1o ocin was filtered, washed with a basic washx(80 mL, see

the peptide scaffold may be modulated provides opportunity gpqye) washed with DMF (5 10 mL), then finally washed with

for the continued elaboration of this design. The affinity of MmeoOH (5 x 10 mL). The resin was transferred to a clean 20-mL
the zinc finger motif for divalent zinc may be varied by the polyethylene vial, and residual solvent was removed under reduced
choice of chelating residues as well as the overall amino acid pressure prior to peptide cleavage.

sequence. Through the modification of ligand type, a fluores-  Peptide Cleavage and Purification. Peptides were cleaved after
cent chemosensor for divalent zinc with enhanced oxidative fluorophore coupling using 10 mL of Reagerit*trifluoroacetic acid/
stability has been produced. Future modifications to this design H2O/ethanedithiol/thioanisole/phenol, 82.5:5:5:5:2.5) with a 2-h incuba-
may include the peptide incorporation of nonnatural, bidentate tion period. The resin was filtered, concentrated to ca. 2-mL volume,
chelating residues to augment the metal binding selectivity of @nd precipitated with ether/hexane (2:1)-e20 °C for 30 min. The

the motif as well as the incorporation of ligands with metal- SUPernatant was decanted, and the_ solid triturated with _ether/hexane
modulated fluorescence propeprties 9 (2:1) (5 x 50 mL). The resultant solid was resuspended in water (20

mL), lyophilized, and then purified to homogeneity by reversed phase
(Cyg) high-performance liquid chromatography (HPLC). The identity
of each peptide was confirmed by electrospray mass spectroscopy (Table

Peptide Synthesis. Peptides were synthesized on a Milligen 9050 4).

peptide synthesizer on a 0.125 mmol scale. Fmoc-PAL-PEG-PS Peptide Stock Solutions. After HPLC purification, the fractions
(PerSeptive) resin (0.21 mmol/g) was used to afford carboxy-terminal containing pure peptide were lyophilized, and resuspended in hydrogen-
primary amides. Couplings were performed at a concentration of 0.3 sparged water to retard oxidation. When not in use, stocks were stored
M acylating reagent and 1-hydroxybenzotriazole (HOBL), in a volume at—80 °C. The concentration of the stock solutions was determined
sufficient to achieve a 3-fold excess of amino acid to resin-bound amine. by reaction with Ellman’s reagent, 5;8ithiobis(2-nitrobenzoic acid)
Pentafluorophenyl ester/HOBt chemistry was employed for all residues (DTNB).5® These assays were performed in triplicate, with excellent
except Fmoa-Baa(alloc)-OH which was coupled Iy situ active ester agreement €5% variance) between runs. From the concentration of
generation using HOBY,N'-diisopropylcarbodiimide activation. A  the stock solution, the extinction coefficient of the peptide was
double-coupling procedure was employed, with coupling reactions of determined at a wavelength appropriate for the fluorophore present.
45 min, followed by a 10 min wash with 0.3 M acetic anhydride/HOBt All peptide concentrations were determined subsequently on the basis
solution in 9:1 DMF/dichloromethane to cap any unreacted amines. of this value. As the reduced and oxidized (disulfide) forms of the
Removal of the Fmoc group was performed with piperidine (20% v/v peptides are separable by HPLC, aliquots of the stock solution were
in DMF) with a standard wash duration of 7 min. After addition of periodically checked to assure that no detectable oxidation had occurred.
the final residue, the amino terminus was acetyl-capped (DMF/acetic

Experimental Section

(54) King, D. S.; Fields, C. G.; Fields, G. Bt. J. Pept. Protein Res.
(52) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrylohn 199Q 36, 255-266.

Wiley & Sons, Inc.: New York, 1988. (55) Riddles, P. W.; Blakeley, R. L.; Zerner, Blethods Enzymol983
(53) Glusker, J. PAdv. Protein Chem1991 42, 1-76. 91, 49-60.
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Metal Stock Solutions. Stock solutions of divalent metal cations  using a standard 1.0-cm-path-length cell. Repeat runs were performed
were prepared from analytical grade salts, and dissolved in high-purity at a variety of PAR concentrations to assure that a simple zinc binding
water obtained from a Milli-Q (Millipore) filtration apparatus. The  competition was in effect. A typical assay is described. Aliquots of
concentration of each stock solution was determined by titration against HEPES buffer (97%L) and the PAR stock solution (24L) were mixed
a standardized solution of EDTA (Aldrich) in the presence of an in a cuvette, and the spectrophotometer was blanked against this
appropriate metallochromic indicatet. solution. A 1.94«L aliquot of 5.30 mM Zi* was added, and the UV

Buffer Preparation. All buffers were prepared in acid-washed vis spectrum was acquired between 200 and 700 nm. The increased
polyethylene containers using high-purity water obtained from a Milli-Q absorbance at 500 nm results from the formation of the ZAR
filtration apparatus. Sodium chloride and 4-(2-hydroxyethyl)-1-pip- complex which has &€ = (6.6+ 0.2) x 10* M~ cm2, corrected for
erazineethanesulfonic acid (HEPES) were obtained from Sigma and pH.4” Aliquots of a 1.75 mM stock solution of FSO3DNS were added
used without further purification. After preparation of the buffer, the in 2.0uL increments, and the absorption spectrum was recorded.
solution was passed through a 30 om1.5 cm column of freshly PAR Stock Solution. The monosodium salt hydrate of 4-(2-
regenerated Chelex resin (sodium form, Bio-Rad Laboratctieshis pyridylazo)resorcinol was obtained from Aldrich, and dried under
buffer was tested for metal ion impurities by the addition of 100 reduced pressure oves® for two days at 50C. A 9.62 mM solution
4-(2-pyridylazo)resorcinol (PAR) followed by the addition of 1 MM ot pAR was then prepared by dissolving 22.8 mg of the freshly dried
EDTA, pH 7.0. The absorbance change at 500 nm in a 1.0-cm cell aterial in 10.0 mL of water. After dissolution, this stock solution
upon the addition of EDTA was<0.003, indicating that<50 nM was stored in the dark at %C.
divalent metal was present (assuming all metal ion impurities were . . o . .

o _ - L Competitive Zinc Binding with Mag-fura-2. The apparent dis-
Zre, Acsoo= 6.6 x 10). This buffer test was performed periodically - " on cant of the mag-furaza?+ complex is 20 nM at pH 7.0

to test against buffer contamination. o .
g and ionic strength 0.18. Consequently, assays performed with mag-

Circular Dichroism. Spectra were recorded on a Jasco J600 circular .
dichroism spectrometer. The peptide concentration in each assay was!‘ura'2 were conducted in 50 mM HEPES b_gffer, pH 0= 0'15.
(NaCl), which was treated to remove adventitious divalent metal ions,

determined spectrophotometrically on a Shimadzu UV-160-ui¢ d d for i " d ibed ab An all f id
spectrophotometer fitted with a circular cell holder. Except for pH &N tested for impurities as described above. An aliquot of peptide

dependence studies, which were performed in unbuffered water, spectrfto':k solution (sufficient to deliver £530 nmql of peptide) was added
were acquired in 0.5 mM HEPES, pH 7.0. In general, a nominal to a 1.0-cm cuvette followed by buffer to bring the volume up to 960

concentration of 1M peptide was used in a 1.0-cm cell. Spectra uL. The spectrophotometer was blanked against this solution, and then

were baseline corrected and noise reduced using the Jasco software):04L Of the stock mag-fura-2 solution was added. The concentration
Emission Fluorescence Assay.Assays were performed with a of the mag-fura-2 actually delivered was calculated from the absorbance

SLM-Aminco SPF-500c spectrofiuorometer at room temperature in 50 & 366 nm §(366) = 29900 M* cm). Small aliquots of a

mM HEPES buffer, pH 7.0, 0.5 M NaCl, in a stoppered 7&0(1 cm standardized 1.00 mM solution of ZnQ[2.0—-4.0 uL) were added,

x 3 mm) quartz fluorometer cell. The concentration of peptide in a W|th.spec.tra.1 taken between additions. o

given assay was determined by absorption spectroscopy immediately ~Dissociation constants were extracted using literature meffotise

prior to the fluorescence experiment. Emission spectra were ac- variablesQ andP are solved using eqgs 7 and 8, respectiveq.is

cumulated at 1-nm intervals with the following parameters: excitation

band pass 4 nm, emission band pass 2 nm, lamp potential 975 V, gain € —

' i _ €I
10, filter (time constant) 3. Q= & —¢ )
Competitive Zinc Binding with 4-(2-Pyridylazo)resorcinol (PAR). !
A method for the determination of subpicomolar protezinc dis- P=L, - LIQK — I/(Q+1) ®)

sociation constants has been described previddsind a modified
version of this procedure was employed. Because PAR forms both
1:1 and 2:1 complexes with 2n an excess of PAR must be used that equal to the ratio of free indicator to metal-bound indicatpk;, and

is sufficient to put=99% of the zinc bound to PAR in the 2:1 PAR?* e are the observed, free, and metal-bound indicator extinction
form. Thus, the binding equilibrium may be expressed as in eq 1. Under coefficients, respectively.P is the concentration of peptidenetal
these conditions, the apparent affinity constant of the peptide may be complex L is the total ligand (metal) concentratidg,is the association

obtained by solving eq 2 fdK'pep constant for the indicatermetal complex, andk is the total indicator
concentration.
Pep+ PAR,Zn = Zn-Pep+ 2PAR (1) It can be shown that these variables are related as in eq 9. Thus,
the binding affinity of the peptide is determined by plotti&¢P as a
[Zn-Pep][PARf K'pep function of Q, where§ is the total substrate (peptide) concentration,
[Pepl[PARZN] = Bonr @) andKpep is the association constant of interest.
The dissociation constant of the ‘Bep complex was calculated by § = (K/K QQ +1 9)
substituting into eq 2. Equations—8® were used to calculate the P I pe

individual components of eq 2. Competition experiments were
performed with nominal PAR concentrations of 200, 240, and:800

to assure that the zinc binding competition is adequately represented
by eq 1.
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[PAR,ZN] = A

where Aegyy= 6.6 x 10" (3)
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