; Ny
R ):.,,

Biophysical
Chemistry

ELSEVIE Biophysical Chemistry 97 (2002) 79-86

www.elseviercom/locate/bpc

Metal ion complexation and folding of linear peptides

Ottavia Spiga®, Maria Scarselli®, Andrea Bernini®, Arianna Ciutti®, Leonardo Giovannoni®,
Franco Laschi®, Luisa Bracci®, Neri Niccolai®*
“Dipartimento di Biologia Molecolare, Centro per lo Studio Strutturale di Sistemi Biomolecolari, Via Fiorentina 1, 53100, Italy

*Dipartimento di Chimica, Universita di Siena, Via Fiorentina 1, 53100, Italy
¢Philogen srl Piazza La Lizza 7, 53100 Siena, Italy

Received 21 February 2002; accepted 26 February 2002

Abstract

A Linear peptide, GASYQDLG was synthesised and used as a model to evaluate the effects of nickel additions to
increase the conformational stability. The NMR data obtained for the peptide and its histidyl derivative
(H);GASYQDLG(H); suggest that in solution folded structures are present only for the H-tagged peptide-Ni(IT) ion
system. These results suggest that metal ions and additions of a double histidine tags of suitable length can be used
as efficient tools to reduce peptide flexibility without other internal modifications. Synthesis of H-tagged analogs
could offer a promising strategy for large-scale preparation of diagnostic tools and, in general, whenever more rigid

molecular structures should be advisable. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Peptide complexes with metal ions have been
extensively studied in order to mimic specific
metalloprotein structures and functions [1-4]. A
prominent role of some amino acid side chains
and, in particular, the imadazyl moieties of histi-
dine in the binding of metal ion has been observed
in proteins and in natural [5,6] or synthetic pep-
tides [7-9]. This feature has been routinely
exploited for protein purification with the insertion
of histidyl tags [10].

*Corresponding author. Tel.: +0577-234-910; fax: +0577-
234-903.
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Many structural studies indicate the atomic
bases of the high affinity of histidine towards
Ni(II), showing that model peptides reproducing
Ni(II)-protein co-ordination sites dramatically
change their conformation upon metal ion com-
plexation [4,11,12].

In the present report, the induction of confor-
mational changes, which can be solely ascribed to
the interaction between Ni(II) and histidine resi-
due, for linear synthetic peptides is explored.

Synthetic peptides are, indeed, good candidates
for the development of new drugs and diagnostic
tools, because of their favourable chemical and
physical properties such as low toxicity and easy
handling and storage.

0301-4622/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0301-4622(02)00041-8



80 0. Spiga et al. / Biophysical Chemistry 97 (2002) 79-86

Thus, the effects of the addition of N- and C-
terminal histidine tags on the conformational equi-
librium of the GASYQDLG octapeptide has been
investigated in the presence and absence of Ni(Il),
in order to exploit the metal ion as a folding
engine to induce a switching of the polypeptide
chain from a flexible linear form to a hairpin-like
conformation.

2. Materials and methods

Amino acids derivatives and the resin for the
peptide synthesis were obtained from Novabi-
ochem and all the other reagents and solvents were
purchased from Applied Biosystems, Sigma, Pierce
and Fluka. Solid-phase peptide synthesis was car-
ried out on a model 350 multiple peptide synthes-
iser (Syro, MultiSynTech, Bochum, Germany)
using standard reaction cycles with Fmoc chemis-
try and DIC/HOBT activation [13]. The used
aminoacid side chain protecting groups were: OrBu
group for serine and tyrosine, Trt group for gluta-
mine and histidine, fBu group for aspartic acid.
Glycine, alanine and leucine were used in an
unprotected side-chain form. The Fmoc group was
cleaved with a 40% (v/v) piperidine solution in
DME The peptides were cleaved from the resin
and deblocked using a cleavage cocktail consisting
of 88% (v/v) TFA, 6% phenol, 2% triisopropyl-
silane and 4% water [13], then purified by gradient
RP-HPLC on a Vydac semi-prep C18 column
(1.0x25 c¢m). The mobile phase solvents were
water containing 0.1% (v/v) TFA and methanol.
A linear gradient from 0O to 100% of methanol in
30 min was applied. The yields measured by the
HPLC analysis of the crude peptides were: 85%
for GASYQDLG and T4% for
(H);GASYQDLG(H);. Peptides identities were
confirmed by amino acid analysis using PICO
TAG model 510 (Waters, Milford, MA). Amino
acid analysis gave (H);GASYQDLG(H);: H(6):
6.02, G(2): 2.11, A(1): 0.96, S(1): 0.85, Y(1):
1.15, Q(1): 1.00, D(1): 1.02, L(1): 0.95. Amino
acid analysis gave GASYQDLG: G(2): 2.21,
A(1): 098, S(1): 0.91, Y(1): 0.99, Q(1): 1.01,
D(1): 1.06, L(1): 0.98

Both peptides, lyophilised from a pH 5.6 water
solution, were dissolved in 0.5 ml of DMSO-d, to

yield 4 mM solutions. Proton chemical shifts were
referred to the solvent isotopic impurity (2.5 ppm).
Additions of Ni(II) were carried out by mixing
variable volumes of a 1 M solution of NiCl, in
DMSO-d, to the peptide samples up to a molar
peptide:nickel ratio of 1:5.

The structural investigation on the peptide was
performed by 1D and 2D COSY, TOCSY and
NOESY 'H experiments. All the NMR spectra
were acquired at 300 K using a Bruker DRX 600
equipped with a SGI workstation. All the data
were processed and analysed with the SwaN-MR
software, version 3.4.8 [14]. 1D proton NMR
spectra were recorded using a spectral width of
6001.22 Hz, corresponding to 10 ppm and 32 K
data points. 2D TOCSY and NOESY NMR spectra
were carried out at 298 K. TOCSY experiments
were employed to assign the resonances within
each spin system. NOESY spectra were acquired
with a mixing time of 120 ms, to detect NOE
connectivities suitable for sequence specific
assignment and structure determination. 2D COSY
spectra, obtained in the range of 293-318 K with
5 K increments, were used to calculate the tem-
perature coefficients of amide protons. In all the
2D spectra, a total of 512 blocks were collected
in t; with 1024 data points and 64 scans in t,,
over a spectral width of 7 kHz. A 90-degree shifted
sinebell function was applied in the t, dimension.
The same function was imposed in t;, on 512
points with a shift of 90 degrees. Zero filling was
applied before the 2D Fourier transforming end up
with a final matrix size of 2048 X 2048 real points.
Distance restraints for structural calculation were
derived from NOE intensities referring the intra-
residue HB-HP correlation of the aspartyl residue
to the geminal inter-proton distance of 1.7 A. A
total of 100 structures were generated using
DYANA 1.5 distance geometry software [15] run-
ning on a Silicon Grafics workstation R4400, by
imposing the experimental constraints. Each con-
former was refined by 10000 cycles of energy
minimisation with the AMBER force field [16]
following the conjugate gradient algorithm. The
final mean solution structure was produced from a
group of 30 refined conformers, none of which
had NOE violations higher than 0.5 A. All dis-
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Resonance assignment of the GASYQDLG peptide. 'H chemical shifts (ppm), collected at 298 K
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Res NH H, Hg Others NH A3/AT(ppb)
G, (8.47) 3.57
(3.50)
As 8.54 (8.59) 4.46 (4.35) 1.20 6.7
(1.15)
Se 8.14 (8.17) 4.28 (4.19) 3.54 5.4
(3.50-3.56)
Y, 7.83 (7.86) 4.45 (4.34) 2.71-2.95 H,=7.00 4.6
(2.67-2.88) (H,6=6.97)
H,5=6.63
(H;5=6.57)
Qs 8.14 (8.06) 424 (4.14) 1.74-1.86 CH,y=2.08 5.7
(1.68—1.80) (CH,y=2.06)
VH,8 7.21-6.78
VH,® 7.22-6.77)
D, 8.29 (8.21) 4.57 (4.49) 2.56-2.76 6.3
(2.51-2.69)
Lo 7.94 (7.89) 424 (4.14) 1.50-1.61 Hy=1.38 7.7
(1.43-1.54) (Hy=1.40)
CH;3=0.81—
0.86
(CH;5=0.73-
0.79)
G, 8.01 (7.97) 3.55-3.66 6.5
(3.47-3.58)

played structures were generated with the program
MOLMOL 2.5.1 software [17].

3. Results and discussion

To confirm that the origin of the peptide folding
was only due to the addition of histidyl residues
at the N- and C-termini, an amino acid sequence,
which does not have intrinsic structural trends,
was searched. Thus, GASYQDLG was selected as
this octapeptide ensures a low propensity to fold
in any regular conformation, as well as its H-
tagged analog. For both peptides, this feature was
tested on the basis of structure prediction methods
[18,19] and a search among the Protein Data Bank
structures [20]. Furthermore, the small molecular
dimensions, the hydrophylic characters and the
absence of proline residues suggested for them the
commonly found wunordered conformation in
solution.

NMR measurements in DMSO were performed
to investigate the structural properties of this pep-

tide and the ones of its H-tagged analog
(H);GASYQDLG(H);. Just during the NMR sam-
ple preparation a preliminary information on the
complex formation of Ni(Il) with the latter peptide
could be obtained. The metal ion, indeed, gave to
the DMSO solution a pale green colour, which
could be attributed to the presence of residual
water molecules in the organic solvent, co-ordinat-
ing Ni(Il) in an octahedral complex. Also the
presence of (H);DGASYQDLG(H); in the DMSO
solution determined a yellow coloured solution,
which could be ascribed to the formation of a
planar complex of Ni(II) with the peptide [12].

NMR spectra were recorded in DMSO-dg, in
the presence and in the absence of Ni(Il) and
proton chemical shifts are reported in Tables 1 and
2.

Proton NOESY spectra were recorded for each
peptide at Ni(II) molar ratios of 0, 1, 2 and 5.
Structurally relevant medium- and long-range
Overhauser effects had been observed only for
(H);GASYQDLG(H);, with intensities, which
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Table 2

Resonance assignment of the (H);GASYQDLG(H); peptide.'H chemical shifts (ppm), collected at 298 K

Res NH H, Hg Others NH A8/AT(ppb)
H, 4.14 (4.26) (3.21) (H,=7.41)
H, 8.86 (9.11) 4.64 (4.58) 2.98-3.10 (H,=17.40) 5.4
(H,=8.95)
H, 8.73 (8.77) 4.62 (4.56) 3.00-3.11 (H,=17.39) 5.0
(3.03-3.12) (H,=8.95)
G, 8.42 (8.47) 3.73-3.85 5.7
(3.71-3.79)
As 8.18 (8.16) 438 (4.31) 1.18 (1.14) 55
Se 8.05 (8.10) 4.28 (4.19) 3.53 55
(3.50-3.55)
Y, 7.84 (7.86) 4.45 (4.35) 2.70-2.93 H,,=6.93 33
(2.66-2.87) (H,6=06.93)
H;5=06.62
(H; 5=6.56)
Qs 8.14 (8.07) 4.25 (4.16) 1.72-1.85 CH,y=2.09 55
(1.68-1.81) (CH,y=2.06)
VH,8 7.23-6.79
VH.S 7.24-6.76
Dy 8.25 (8.23) 4.57 (4.52) 2.52-2.72 5.0
(2.49-2.68)
Lyo 7.84 (7.83) 4.27 (4.19) 1.45-1.61 Hy=1.45 52
(1.41-1.84) (Hy=1.41)
H;5=0.80-0.85
(CH;5=0.75-
0.78)
G, 8.14 (8.17) 3.69 (3.67) 55
H,, 8.14 (8.24) 4.56 (4.52) 2.91-3.06 H,=7.26 5.4
(2.91-3.07) (H,=7.25)
Hs 8.32 (8.48) 4.55 (4.54) 2.93-3.12 H,=7.29 53
(2.99-3.10)
Hy, 8.34 (8.45) 4.49 (4.47) 2.98-3.11 5.7
(2.99-3.10)

reached a maximum at the highest metal ion
concentration. For this reason, all NOE data dis-
cussed below and shown in Fig. 1 were collected
in the presence of 20 mM Ni(II). It should be
noted that this feature implies a rather weak
complexation of Ni(II) from both peptides in the
DMSO solution. However, the appearance of new
NOESs upon addition of the metal ion is diagnostic
of an Ni(IT)-induced peptide folding.

This is not the case of the GASYQDLG peptide,
as its NOESY spectra are characterised only by
the presence of strong intra-residue and (i, i+1)
sequential correlations, either in presence and
absence of Ni(Il), indicating that it does not
assume any particular conformation in solution.

Furthermore, the temperature coefficients of proton
chemical shifts (see Tables 1 and 2), do not
suggest a finite hydrogen-bonding pattern, consis-
tent with a single and stable peptide conformation.

However, a structural order, induced by the
metal ion in the histidine-containing peptide, is
apparent. Although the strong sequential NOEs are
still present, upon the addition of Ni(Il),
(H);GASYQDLG(H); exhibits a set of new
NOEs, most of them involving side chain protons
(Table 3 and Fig. 2d) in addition to some (i, i+
2) and (i, i+3) backbone correlations (Fig. 3).
These findings suggest a more restricted confor-
mational space for the histidyl-tagged peptide and
a pronounced bending of the main chain in the
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Fig. 1. Fingerprint regions of the 'H 600 MHz NOESY spectra of 4 mM (H);GASYQDLG(H); recorded at 298 K (a) in the
absence and (b) in the presence of 20 mM Ni(II) ion. Some of the NOE, which are detectable only upon the addition of the metal

ion, are highlighted.

ASYQD portion of the molecule. The many dipo-
lar connectivities found among histidyl HB and
H4 protons, see the insets in Fig. 1b, no use was
made of this information due to severe spectral
overlapping among the six H residues, which

prevents a rigorous assignment and integration of
these NOESY cross-peaks.

A panel of 131 NOEs, derived from the analysis
of the NOESY map of (H);GASYQDLG(H);,
was used as distance constraint in a molecular
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Table 3

List of the conformationally relevant NOEs appearing only upon the addition of Ni(II) to the (H);GASYQDLG(H); peptide sample.

Asterisks are placed where pseudo-atoms were used

Intra-residue i, i+1 i, i+2

i, i+3 i, i+4

HB,(His1)-Ha(His1) Ha(His3)-Ha,(Gly4)
Ha,(Gly4)-Ha(Ala5)

HB, (His1)-HB*(His3)
Ha (His3)-HN(Ala5)
Ha,(Gly4)-CH;B(Ala5) HN(Gly4)-HN(Ser6)

Ha, (Ala5)-HN(Asp9)
CH,B(Ala5)-HN(Asp9)

Ha, (Gly4)-HN(Tyr7)
Ha, (Gly4)-HB*(Tyr7)
CH;B(Ala5)-Ha(GIng)

Ho,(Gly4)-CH,B(Ala5) CH.B (Ala5)-HN(Tyr7) HB*(Tyr7)-HN(Leul0)

Ha,(Gly4)-HN(Ser6)
HN(Tyr7)-HB,(GIn8)
HN(Tyr7)-HB,(GIn8)
Ha(Tyr7)-HB,(GIn8)
HN(GIn8)-Ha(Asp9)

HN(Ala5)-HN(Tyr7)
HB,(GIn8)-HP,(Leul0) H31(Tyr7)-H32(Leul0)
HPB,(GIn8)-Hd2 (Leul0) H32(Tyr7)-H32(Leul0)
HB*(GIn8)-HN(Leul0)
HB*(GIn8)-Hd2(Leul0) H2(Leu 10)-Ha(His13)

H31 (Tyr7)-HB, (Leul0)

H31 (Leu 10)-Ha (His13)

HN(Leul0)-Ho, (Gly11) HB,(Leul0)-Ha(His12) HB, (His11)-HN(His14)
HB,(His11)-HN(His14) Hp,(Leul0)-HN(His12)

HB*(Leul0)-HN(His12)

HS,(Leul0)-Ha(His12)

H3,(Leul0)-Ha(His12)

dynamics calculation to elucidate the peptide struc-
ture. Among them, 40 were (i, i+ 1) distances, 17
(i, i+2),8 (i, i+3), and 2 (i, i+4).

In the 30 conformers with the lowest overall
energy, none of these structures had distance vio-
lations greater than 0.54 A and the total r.m.s.d.
calculated for backbone heavy atoms was 0.38 A,
suggesting a rather rigid structure for such molec-
ular moiety.

The lack of a large number of NOE restraints
at both amino and carboxyl termini, due to the

HHHGASYQDLGHHH

dyn(,i+1) mnlEDEREE
de(i,i+1) — EEE E—
dnn(ii+2) e —
qu(i,i+2) %

dyn(Gi+3)

dop(ii+3)

Fig. 2. Panel of the NOE connectivities diagnostic for second-
ary structure observed for (H);GASYQDLG(H); in DMSO-
de solution in the presence and in the absence of Ni(I).
Intervening NOE effects upon the ion addition are reported in
black; intensities are reflected by the thickness of lines. Aster-
isks mark the NOE whose presence is clearly detected but not
translated in distance restraints due to spectral overlapping.

local signal overlap, prevents a detailed structural
analysis of the Ni(Il) complex geometry. However,
the observation that, under our experimental con-
ditions, a diamagnetic complex is obtained, indi-
cates the low-spin character of the Ni(II) which
adopts a square planar geometry, consistent with
the 4N co-ordination of the metal ion [4,21]. On
the basis of this consideration and the obtained

Fig. 3. Backbone representation of the lowest energy structure
of (H);GASYQDLG(H);. Only the histidyl side chains, ori-
ented as described in the text, are shown.
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backbone conformation, only few orientations of
the histidyl side chains can be found in agreement
with the metal ion planar co-ordination and the
one exhibiting the lowest energy is shown in Fig.
3.

Our data can be summarised in the following
way: (a) extensive conformational equilibrium
may be suggested for GASYQDLG and
(H);GASYQDLG(H); in the absence of the metal
ion, as largely predictable for linear peptides of
this length; (b) no structural order was induced by
Ni(II) in the absence of any histidyl residues,
since in this case no detectable medium and long-
range NOE for GASYQDLG could be observed.
The possibility of a stable ion complex with the
aspartyl and tyrosyl side chains, as well as to
backbone carboxyl groups, which have been dem-
onstrated to be potential donors in Ni(I)-peptides
interaction studies [21], for both peptides can be
ruled out; (c) the conformation of the H-tagged
peptide is totally influenced by the Ni(II) complex
formation.

These data suggest that Ni(Il) chelation can be
used to mildly constraint very flexible peptides
enhancing biological properties such as the immu-
no-chemical reactivity, particularly advisable for
the development of diagnostic tools.
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