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De Novo Design of a Copper(ll)-Binding HelixTurn—Helix Chimera: The Prion
Octarepeat Motif in a New Context
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ABSTRACT. A chimeric Cu-binding peptide has been designed on the basis of a turn substitution of the
prion (PrP) octarepeat Cu-binding site into the engrailed homeodomain-etix-helix motif (HTH).

This system is a model for the investigation of a single PrP Cu-binding site in a defined protein context.
The 28-mer Cu-HTH peptide P7 spectroscopically mimics the PrP octarepeat TERRRQQLSHGGG-
WGEAQIKIWFQNKRA). The Cu(ll)-binding affinity of P7 was determined by ESI-MS and tryptophan
fluorescence titrations to B¢y = 2.5+ 0.7uM at pH = 7.0. The quenching of fluorescence of the Trp
within the binding loop (underlined above) is pH dependent and highly specific for Cu(ll). No Trp quenching
was observed in the presence of divalent Zn, Mn, Co, Ni, or Ca ions, and ESI-MS titrations confirmed
that these divalent ions do not appreciably bind to P7. The EPR spectrum of Cu(ll)-P7 shows that the Cu
environment is axial and consistent with 6-coordinat®{H,0), or N4(H,0), coordination ;= 172 x

104 cm Y, gy = 2.27), very similar to that of the PrP octarepeat itself. Also like PrP, circular dichroism
studies show that apo P7 is predominantly disordered in solution, and the structure is slightly enhanced
by Cu binding. These data show the Cu-PrP HTH peptide reproduces the Cu-binding behavior of a single
PrP octarepeat in a new context.

De novo protein design is an approach that is coming into (PHGGGWGQ) into the HTH motif of the engrailed home-
its own as a tool for the bioinorganic chemist, as a way to odomain. If this relatively small, HTH system can structurally
both isolate and investigate metal sites in defined protein accommodate the Cu turn and maintain the Cu-binding
contexts and build or combine activity and selectivity in properties, this opens the possibility of designing larger,
unique ways. Within the context of designing an artificial better folded, soluble prion model proteins to test the
nuclease, we have utilized de novo design to investigatereactivity of Cu sites systematically. De novo designed
fundamental questions about metalloprotein structure andcopper-binding proteins have been effectively utilized to
function. In particular, the inherent stability of supersecond- investigate the structure and function of a variety of
ary structures in proteins and the contextual reactivity of a metalloprotein Cu sites (recently reviewed in réfs9), and
given metal-binding amino acid sequence are of interest. Wethus we chose to apply this method to the prion site.

have previoysly demons.trated thfat an EE—hanq Ca-binding The prion protein (PrP), a highly conserved glycoprotein
loop can be incorporated into a hetiturn-helix motif (HTH) responsible for a range of transmissible spongiform encepha-
with ret_ent_lon of the ;tructure, DNA-bmdmg affinity, .and lopathy diseases (TSE), has been shown to be a Cu-binding
metal-binding propertiesl(-3). Lanthanide metallopeptides  otein (10-13). The octarepeat sequence occurs sequentially
designed on the basis of structurally similar turns fold as for times in the N-terminus of the human PrP and is
predicted apd catalyze the cleavage of phosphate esters a”ﬂredominantly disordered in the absence of coppéy 14,
DNA (4), with modest sequence preferen& These data  15) Each octarepeat can accommodate one Cu(ll), with low
show that an active metal site can be designed into a NneWicromolar affinity (L6, 17), but under some conditions
context, incorporating both reactivity and targeting functions etal-based dimerization of this N-terminal region may
and retaining folded structure. _ catalyze the pathogenic misfolding of the C-terminal domain
Our work with EF-hand binding sites showed that, with a of the prion protein 16). Despite the interest and attention
well-organized turn, the HTH is a robust scaffold upon which given this important protein, its natural function and the
to design a new fold comprising fragments of very similar gy pjicit mechanisms triggering neurodegenerative disease
o—o corner structuresorthogonal helices flanking aturn) - yemain unknown. It is postulated that Cu-redox chemistry
(6). We therefore postulated that the turn could potentially g inyolved in the function of PrP, in either the normal or
be mod_ularly substituted b_y other metal-bmdlng sites be?'despathogenic forms, but no consensus has emerged for the role
Ca(ll) sites and have thus incorporated a portion (underlined) of the metal. Defining the role of copper binding is a critical
of the unusual prion octarepeat Cu(ll)-binding sequence keystone in understanding prion physiology and pathogenic-
— — ity, yet the unstructured, repetitive, multicomponent nature
Resgg'rschwlzoéﬁn‘éV:tforf“ppO"ed by the University of lowa Carver of the Cy-binding N-terminus presents limitations in inves-
*To whom correspondence should be addressed. E-mail: sonya-tigating the inherent function of the metal site. This model
franklin@uiowa.edu. Phone: (319) 353-2244. Fax: (319) 335-1270. system will allow us to test the speculated reactivity [such
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as Cu(ll) reduction and superoxide dismutase activity] and
the spectroscopy of the isolated site within a controlled

scaffold. Additionally, this site may represent a new approach
to nuclease design, utilizing an essential metal for DNA-

cleavage applications. We find that a peptide that comprises
the HTH motif of the engrailed homeodomain and the prion

Cu(ll) site binds copper and involves the adjacent Trp residue
in or near the binding site as does the prion protéi).(

MATERIALS AND METHODS

Peptides and ReagentReptide P7 was synthesized by
standard Fmoc solid-phase chemistry and HPLC purified to
>95% purity (Caltech Peptide Facility). Reagent grade metal
salts (CuC, CuSQ, CaC}, CoCh, MgCl,, MnCly, NiCly,
ZnCly) and buffers were supplied by Sigma-Aldrich, and all
other solvents and reagents were from Fisher Scientific and
used as received. All solutions were made with deionized
distilled water (MilliQ 18 nt2). Stock metal solutions were
prepared fresh by weight prior to use.

EPR Spectroscopi£lectron paramagnetic resonance spec-
tra were collected on a Bker X-band 300-EMX spectrom-
eter at 77 K under the following conditions: 9.29 GHz
microwave frequency, 1.6 kHz modulation frequency, 20
mW microwave power, 5.0 G modulation amplitude, 2987.8
G center field, 1200 G sweep width, and 163.84 ms time
constant. Solutions contained 200/ peptide, 200uM
CuSQ, 25 mM 3-(N-morpholino)-2-hydroxypropanesulfonic
acid (MOPS) buffer at pH 6.8, 25 mM NaCl, 40% glycerol,
and 10% MeOH. Simfoni 1.0 software (Beer) was used
to simulate the data and calculate thand A values.

Fluorescence Spectroscopiryptophan emission spec-
troscopy was followed as a function of divalent metal.
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Ficure 1. Crystal structure of pentapeptide Cu(ll)-HGGGW (ref
16; right) and a model based on the crystal structure of the engrailed
homeodomain (LENH; left) showing the proposed binding modes
for the P7 chimera. The sequence of P7 (with the loop substitution
underlined) is given below. The side chains of residues&bof

the published engrailed structure have been altered in the computer
model to reflect the P7 sequence, but no minimization from the
parental crystal structure was done. The purple helices represent
the sequences of engrailed included in the peptid® ¢3).

purge n a 1 mmcuvette at 0.5 nm per point and an
integration time of 0.2 s/point. Solutions contained /8@
peptide, 10 mMN-ethylmorpholine buffer (pH 7.5), and 10
mM NacCl, with and without 1 equiv of CuglAdditionally,
spectra were collected in 25% trifluoroethanol (TFE) under
the same buffer conditions.

Electrospray lonization Mass Spectrometgjectrospray
ionization mass spectrometry data (ESI-MS) were collected
on a Thermo Finnigan LCQ Deca spectrometer (University

Peptide solutions were excited at 295 nm, and the emissionof lowa High-Resolution Mass Spectrometry Core Facility;

due to Trp was monitored at 350 nm with an Aminco-
Bowman Series 2 fluorimeter. Quenching experiments were
performed using solutions containingt® peptide, 50 mM
buffer, and 50 mM NacCl over a range of pH conditions
modulated by the following buffers: sodium acetate buffer
(pH = 4, 5), 2-(N-morpholino)ethanesulfonic acid buffer
(MES) (pH = 6), 3-(N-morpholino)-2-hydroxypropane-
sulfonic acid buffer (MOPS) (pt 7), andN-ethylmorpho-
line buffer (NEM) (pH = 8). The initial fluorescence
intensities of the solutions were measured, 10 equiv of the
specified divalent metal chloride salts was added (Cu, Ca,
Co, Mg, Mn, Ni, Zn), and the solutions were incubated for
15 min before the final emission was measured. The
difference in the final and initial intensity was normalized
and corrected for a slight loss in intensity of the apopeptide
(<10%) over time. The data in Figure 5 represent averages,
of five samples. Copper titrations were performed over a
range of peptide concentrations{20uM P7, with 0.1-10
equiv of CuC}) at pH 7.5 in either MOPS or NEM buffers,
with and without NaCl (the addition of 50 mM salt did not
affect the apparenty). The loss in fluorescence intensity
with the addition of copper was fitted to a 1:1 associate model
(4) using a nonlinear least-squares fit algorithm (SigmaPlot),
including a linear correction for collisional quenching at high
[Cu] (18).

Circular Dichroism SpectroscopyCircular dichroism
spectra were collected on an Olis Cary-17 DS conversion

NIH Grant 510 RR13799-01). Solutions containe¢5xM

P7 peptide, 5 mM NEM buffer at pH 7.0, and 15% MeOH
with 0—10 equiv of CuCGJ. Solutions were incubated at room
temperature fol h and infused into the spectrometer system
for 20 min at SuL/min prior to data collection. The following
conditions were optimized to maximize the signal-to-noise
ratio: spray voltage, 4.2 kV; sheath gas, 30 units; capillary
temperature, 228C; capillary voltage, 34 V. The sum of
the intensities of the predominant charge states’ envelopes
of the bound and unbound peptide was used to calculate the
concentration of free coppet-@ and+3 charge states were
generally the only ions of significant intensity). These
guantities were then used to calculdteg directly, where

Kd = ([Cured[peptidared)/[Cu-peptide] (9). Other divalent
ions were screened for binding under similar conditions [1.5
uM P7, 15uM M(IN)].

RESULTS AND DISCUSSION

Unlike our earlier EF-hand/HTH chimeric designs, the
apparent Cu-binding site of the prion protein is the same
length as the native turn in the DNA-binding motif, and thus
no expansion of the turn is necessary upon loop substitution.
A model based on the crystal structure of Cu(Il)-HGGGW
(Figure 1) @6) suggests that the Cu could bind to the
modified turn of the engrailed homeodomain in a similar
mode, with little perturbation of the HTH supersecondary
structure. Therefore, a peptide comprising helices 2 and 3

spectrophotometer. Spectra were recorded under a nitrogerof the engrailed homeodomain (residuesS;s and E,—
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Table 1: EPR Parameters for Various Cu(ll) PrP Peptides

peptide o oo Aix10%(cm?) g/Ai(cm) pH
P7 chimera 2.27 2.03 172 132 6.8
PrP(58-91f 2.26 2.05 195 116 6:67.7
Pre(5791y 2.27 2.06 179 127 6.75
PrP(5791y 2.23 2.06 163 137 7.45
2 This work.? Wright (17). ¢ Millhauser (L2).
g,=2.27
g1= 2.03
A|| =172x 10" cm’
g/A,=132cm
2400 2600 2800 3000 3200 3400 3600

gauss

Ficure 2: X-band EPR of CuP7 (2Q@M) in 25 mM MOPS buffer,
pH 6.8, 25 mM NaCl, 40% glycerol, and 10% MeOH. Spectra were
collected at 77 Kyg = 9.29 GHz, with a sweep width of 1200 G.

As4, respectively) and the central six amino acids of the prion
octarepeat was prepared.
Copper-Binding Site and AffinitCopper(ll) binding was

Shields and Franklin

fluorescence energy transfer to copper. The data were
iteratively fit to give a conditional dissociation constant of
Kg* = 200 nM—2.0 uM for Cu(ll) at pH 7.5 (error based
on five repeated measuremen®®))( Direct affinity constant
determination from SteraVolmer linear regression analysis
was not possible under these conditions sincer{u=
[Cuta] @and two Trp fluorophores are present in the peptide.
However, a model with this approximation and incorporating
pK, estimates for amide NH and His imidazole gave
qualitatively similar results (@M). Stern—Volmer analysis
suggested significant contribution (up to 35%) from Cu-Trp
collisional quenching at high [CulL@).

The conditional binding affinity of P7 for Cu(ll) is similar
to that of the prion octarepeat region (residues 98) under
similar buffer and pH conditionsl(Q, 17, 19) and, like the
prion system, is quite sensitive to buffer and pH (Supporting
Information, Table S1). The prion protein has been reported
to bind Cu(ll) with affinities typically ranging from 0.5 to
14 uM, although there is one report of 18 affinity (22).
The formation of the ML species is dependent on the
protonation conditions of the ligand, which at pH 7.4 is
estimated to exist as a mixture of approximately 90% H
and 10% HL (considering donor group deprotonations only),
with only a very small fraction of fully deprotonated ligand
(o ~ 10713—-10"1). This fractionation constant is based on
a conservative estimate of the NH amidé,pf 13—15 and

demonstrated by Trp fluorescence titrations, EPR spectros-on the measurediy of the His imidazole, found to be 6.1
copy, and ESI mass spectrometry. The peptide was foundby *H NMR pH titration of the free peptide (Supporting

to bind 1 equiv of Cu and to give an X-band EPR spec-
trum of CuP7 typical of the axial type 2 Cu(ll) site within
prions (Table 1) 12, 14, 16, 17). According to Peisach
Blumberg correlations2(0), the A, and g, values (Figure
2) are most consistent withg® or N, coordination, with
weak axial ligands (solvent). The intermedi&tevalue and
fairly small g/A, ratio suggest that the site tends toward

Information, Figure S1).

Since the observed conditional binding constant is a sum
of affinities for Cu(ll) and protons, the proton-dependent
formation constanti{s*) includes the contributions of pH to
the fraction of available free liganK¢* = a.K). Thus, an
estimate of the thermodynamic formation constant of CuP7
is Ky = 10*°—10?° M~ In practice, this affinity can only be

6-coordinate geometry, similar to the structure deduced for measured as a competition with another ligand of known

the prion octarepeat region (residues—®4 of the prion
protein).

affinity, which may contribute to the apparent inconsistencies
in the literature. The reported femtomolar affinities of the

The binding affinity of P7 for Cu(ll) was estimated by Cu-albumin Gly-Gly-His siteZ3) and for the prion octare-
fluorescence titration, following the emission intensity of the peat in the presence of glycin@2) were calculated from
tryptophan residues as a function of added metal (Figure 3) competitive measurements. Though the thermodynamic Cu-
(4, 18). The intensity decreases significantly upon titration binding affinity of the octarepeat and P7 is also predicted to
presumably due to structural changes upon binding that bringbe very strong, micromolar dissociation constants result at
Wisinto close proximity to the metal center, with subsequent physiological pH.

120
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Ficure 3: Left: Fluorescence intensity at 350 nm (points; = 295 nm) and fit (line) for the titration of P7 with Cu(ll). Titrations were
performed at [P7] between 1 and 28 peptide (shown at 2@M). Right: Tryptophan emission spectra of peptide P7 as a function of
added CuGl pH = 7.5, 50 mM MOPS. Data were iteratively fit to a 1:1 association model as described previgusbu(ll) K4 = 200
nM—2.0uM with five repeated trials. A SternVolmer linear regression analysis at high copper concentrations yieldeg af 4200 M1

and suggested that the fraction of fluorescence change due to binding and structural changes was approximately 63®). (affanieds

are somewhat weaker i-ethylmorpholine buffer (23 uM).
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(P743H)» A is based on truncation rather than substitution studies of
1114 octarepeat peptide42)]. Notably, strong Trp fluorescence
” guenching is a characteristic of the PrP octarepeat Bije (
(P7+2H) . X X N
1670 As shown in Figure 5, a dramatic change in tryptophan
emission intensity occurred upon Cu(ll) addition to P7
(P7+2H+Na)" (~80% decrease at pH 8). This is consistent with significant
1121 changes in the Trp electronic environment facilitating
l/ fluorescence energy transfer, such as would be expected for
L. W14 hydrogen bonding to a coordinated water molecule as
observed in the pentapeptide structure (Figure2b-@7).
As was observed for the PrP itselfQ), this effect in the
designed HTH chimera is unique to Cu(ll) and is pH
dependent, which supports the postulate that binding occurs
(PT4Cu)? upon deprotonating the Hisimidazole and backbone amide
1700 nitrogens. A range of other divalent metal ions were tested
(Figure 5), but like PrP, only Cu(ll) shows any appreciable
LIL . ~ T Trp quenching Z8). This suggests the prion site in this new
1000 mlz 1800 context may also be preorganized to direct,\Vibward
Cu(ll), perhaps interacting with an axial water ligand. On
C the basis of the Trp fluorescence data alone, the possibility
remained that Ni(Il), Co(ll), or even Zn(Il) may bind to the
site but not significantly perturb the adjacent Trp residue or
' +Cu cause peptide folding. Binding studies of the various divalent
| ! metals by ESI mass spectrometry were undertaken to address
this question. In all cases tested except Cu(ll), no appreciable
metal-bound peak was observed in the ESI-MS up to 10
A equiv of divalent metal. From these data, conservative lower
T T limits for the dissociation constants were calculated to be
0 30 mass B0 330 Kq > 280 uM for Zn(ll) (7.0 + 2.0% metalated peptide)

Ficure 4: ESI mass spectra of CuP7. (A) Mass spectrum of 10.0 ; 0 ;
uM apo-P7 (2 and 3+ charge states shown). (B) Mass spectrum andK, = 340uM for Ni(ll) (5.9 + 0.2% metalated peptide)

of CUP7 [10.0uM P7:12.0uM Cu(ll); 2+ and 3+ charge states under the conditions teste@9). Accurate estimates could

shown]. (C) Deconvolution spectrum of all species at substoichio- N0t be made for the remaining divalent metal ions, as no
metric Cu(ll) concentrations, showing P7 and the sodium and copper metal-bound peak could be reproducibly observed.

adducts [10.QceM P7:6.0uM Cu(ll)]. Summations of each charge Structure of the MotifCircular dichroism spectroscopy

species and its sodium adducts over a range of Cu concentrations . . ) . .
were used to calculate a binding constankaf= 2.5+ 0.7 uM. S(F|gure 6) shows that, like the PrP N-terminus, the apopeptide

The stoichiometry of Cu:P7 was found to be 1:1 even up to 20- P7 is predominantly unfolded in solution, and the binding
fold excess Cu(ll) concentrations. of Cu(ll) minimally increases overall secondary structure.

A similar effect is seen byH NMR, with modest spectral

The binding affinity of P7 for Cu was determined by ESI- changes suggesting that copper coordination is not ac-
MS to corroborate the estimates calculated from Trp companied with the induction of significant long-range
fluorescence titrations (Figure 4). Solutions of peptide with helicity. However, the broadening of the lfisromatic peaks
increasing amounts of Cuflvere prepared in 15% MeOH upon Cu(ll) addition further indicates that this residue is
(5 mM N-ethylmorpholine, pH 7.0) and preincubated at room involved in binding (data not shown). The lack of secondary
temperature fol h prior to data collection. Spray voltage, structure is not unexpected, as the Gly-rich prion turn is
capillary voltage and temperature, and flow rate were predicted to be much more flexible than the evolutionarily
adjusted to maximize the signal-to-noise ratie-(2nd 3+ optimized turn it replaces in engrailed. Additionally, in the
ions were generally most intense). These data showed thaprion site itself, a proline residue is required to nucleate the
only 1 equiv of Cu associated with the peptide even up to turn (14, 30). Although Cu binding likely organizes the
20-fold excess metal. The total concentration of copper central residues of the designed peptide, this does not result
([Cuwd = [CuP7]+ [Cured) and the sums of the intensities  in significanto-helical propagation at the termini, since the
of the bound ([CuP7]) and unbound (fRd) states were used  structure is already somewhat destabilized by isolating the
to calculateKy at each pointly = ([P 7ired[CUsred/[CUP7] motif from the full domain. However, if local secondary
= 2.5+ 0.7 uM). The difference in ionization response of structure is stabilized with trifluoroethanol (TFE), a solvent
the two species is apparently small, since the calculatedthat promotes helical structure, copper binding significantly
affinity was found to be invariant over a wide concentration increases the overadl-helicity observed relative to apo P7
range @4). and results in a qualitatively helical (HTH-like) CD spectrum.

Trp Fluorescence Quenching and Seleityi for Cu(ll). The structural equilibrium of the peptide is apparently near
One hallmark of the unusual Cu-prion site is the involvement the balance between folded and unfolded, because CuP7 can
of a key Trp residue in the second shell. This Trp is critical accommodate a folded structure when perturbed by only mild
to Cu binding in the native site, and its presence serves toTFE conditions. It is notable that some increase in the
favor the binding of more nitrogen donors and therefore intensity of a negative band at 220 nm was reported in the
fewer oxygen ligands [it should be noted that this conclusion CD spectrum of the simple pentapeptide HGGGW upon

(P7+H+Cu)*?
1134

Relative Intensity
=~

P7

Relative Intensity
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Ficure 5: Fluorescence intensity of the Trp emission at 350 nm (290 nm excitation) as a function of pH (50 mM buffer, 50 mM NaCl)
for various divalent metal chlorides. Data are corrected for chang#8%) in apopeptide emission over the course of the experiment, and
error bars represent five repetitions. The emission is quenched by Cu(ll) binding but not by other metal ions.

prion site itself. The prion Cu-binding site is apparently
000 AL contextually insensitive to flanking sequence, with little

2000 \ --------- apo P7 (25% TFE) change in local structure, binding affinity, or pH dependence

—_CuP? 5% TFB) relative to the isolated octarepeat motif. Thus, the designed
HTH/PrP chimeric system may be a useful model to
understand the structural flexibility and reactivity of a single
prion site, isolated in a new context.

2000 |\ /T

[6],,, deg cm’ dmol’

ACKNOWLEDGMENT
-4000

We thank Prof. Garry R. Buettner for assistance with EPR
spectroscopy, Dr. Lynn Teesch for mass spectrometry advice,
200 210 220 230 240 250 260 270 280 and Profs. Johna Leddy and Lei Geng for many useful
wavelength (nm) discussions.
Ficure 6: Circular dichroism spectra of peptide P7 (@) with

and without added Cugin the presence and absence of 25% TFE. SUPPORTING INFORMATION AVAILABLE
Conditions: 10 mMN-ethylmorpholine, 10 mM NacCl, pH 7.5.

-6000

One table listing the first Cu(ll) dissociation constant for
copper binding31), and thus in the absence of TFE, changes Various PrP peptides and one figure showthigNMR of

in local structure of the binding site upon Cu coordination the Hisoimidazole of peptide P7. This material is available
could also contribute to the observed CD signal changes.free of charge via the Internet at http://pubs.acs.org.
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