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Abstract - The structural consequence of zinc binding to three octapeptides
is examined. The experimental results indicate that placement of a
constrained reverse turn motif in the core of the peptide nucleates the peptide
secondary structure to facilitate metal coordination to ligands within the
remainder of the sequence. These studies demonstrate that secondary
structure in a polypeptide framework may be enhanced by a combination of
B-turn nucleation and metal coordination.

Introduction
Preorganization is an important characteristic of metal binding sites in metalloproteins.
This attribute is responsible for many important functions. For example, the blue copper
proteins stabilize uncommon metal ion redox states, and in metal dependent hydrolases,
expansion and contraction of the metal ion coordination sphere allow for participation in
catalytic processes.! The structural and functional consequences of metal ion interaction with
strongly coordinating side chains in peptide secondary structural motifs are less developed.
The importance of metal coordination for structure enhancement has been demonstrated in the
design of stable o-helix motifs. Examples of exchange labile2 and inert3 systems, as well as
use of natural and unnatural4 metal ligands in the formation of organized, metal ion associated
o-helix structures, are documented. In contrast, there are to date no examples of metal
coordination to induce p-sheet structure. This is surprising since metal ion coordination to
residues in -sheet structures in intact proteins is common. For example the metal coordination
sites in the catalytic metalloproteins carbonic anhydrase and carboxypeptidase are localized
exclusively on B-sheet or turn structures. Furthermore, catalytic function in these
metalloproteins may be due in part to the order provided to the ligands by the peptide
backbone.5
In the context of our long term goals in the de novo design and synthesis of functional
metalloproteins we have chosen to investigate the influence of structural preorganization on

3501



3502

B. IMPERIALI and T. M. KAPOOR

metal coordination in p-sheet and 8-turn motifs. While the synthetic models by Kaiser have
clearly demonstrated the power of simple amphiphilic sequences to form a-helices, little success
has been achieved by corresponding models for B-sheets. The major problem in the de novo
design of sheet motifs is that the favorable interactions that would pay the entropic price for
folding are between residues that are far apart at the level of primary sequence.

The p-Turn as a Structural Nucleation Unit

p-Turns are common in proteins, comprising on average 25% of the residues.” Since
their recognition by Venkatachalam in 19688 at least nine classes have been defined. The ¢ and
y angles of the (n+1) and (n+2) residues of the motif define the tun type.? The associated
angles for the type II reverse turns are distinct from those of other structural motifs.
Conformational selectivity can be achieved with this unit of secondary structure through use of a
heterochiral peptide sequence.” We have recently demonstrated the tetrapeptide Ac-Val-Pro-D-
Ser-His-NH7 shows a significant amount of type II §-turn conformation in aqueous solution. 10
Our goal in the studies described herein is to examine the effect of incorporating this p-turn-
forming sequence into peptides, in order to analyze its influence as a nucleating element for
ordering metal ligands for coordination to divalent zinc. Table I shows the peptides examined in
this study.

Table I Synthetic Peptides

PEPTIDE SEQUENCE
1 Ac-Glul-Gly2-Yal3-Pro%-DSerS-His6-Thr7-His8-NH2
2 Ac-His!-Gly2-Yal3-Pro*-DSerS-His6-Thr-His$-NH,
3 Ac-His!-Gly2-Val3-Gly4-Gly5-His6-Thr7-His8-NH;

Bold face amino acids=> metal ligands; Underlined => nucleating turn

The only strong metal ligands in the peptides examined are the imidazole and carboxylate
groups. Water is expected to provide the remaining coordination to the metal center. Peptides 1
and 2 contain the structural nucleation unit Val-Pro-D-Ser-His and a potential metal binding site
provided by residues (1), (6) and (8). Glycine was chosen to precede valine, allowing the third
ligand to form a compact binding site without the steric hindrance produced by a substituted
amino acid. Inclusion of the p-branched residue threonine (7) was designed to favor sheet
character.!! Peptide 3, lacking the prolyl-D-seryl core, was designed to test the impact of the
nucleating turn on metal coordination. The conformational flux of this control peptide,
compared to that observed for turn-containing peptides, provides a measure of the nucleating
power of the turn.
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In these studies, the role of the metal binding site is to serve as a device that will further
facilitate the ordering of the peptide conformation. We demonstrate that when appropriate
residues are localized within the remainder of the sequence that the structure nucleated by the
type II turn serves as a template for metal coordination. In this case we provide evidence for the
formation of a B-hairpin structure. Without the nucleating structure, high affinity metal
coordination is absent and enhanced order is not achieved.

Experimental Section

Peptide Synthesis and Characterization. Commercially available starting materials and
reagents for peptide synthesis were purchased from MilligenBiosearch or Sigma Chemical Co.
Peptides were synthesized on a 0.1-0.2 mmole scale by solid phase methods using N®-9-
fluorenylmethyloxycarbonyl (FMOC) protected amino acids!2 and benzotriazol-1-yloxytris
(dimethylamino)phosphoniumhexafluorophosphate/1-hydroxybenzotriazole (BOP/HOBT)!3
mediated amide coupling chemistry on a Milligen 9050 autornated peptide synthesizer. PAL
resinl4 (Milligen GEN077483 substituted at ca. 0.30 meq/g) was used to afford carboxyl
terminus primary amides. Activated esters were formed in situ using BOP, HOBT and 0.451 M
N-methylmorpholine in dimethylformamide (DMF). A typical protocol involved a 2h coupling
time with four equivalents of amino acid. Deprotection of FMOC-protected amine groups was
performed using a 7 min. 20% piperidine/DMF wash. Peptides were N-acetylated on the resin
using 20 equivalents of acetic anhydride and 5 equivalents of triethylamine in 3 mL DMF. After
shaking for 2 h, the resin was washed with dichloromethane and vacuum dried.

Peptides were deprotected and cleaved from the resin by treatment with trifluoroacetic
acid (TFA)/thioanisole/ethanedithiol/anisole (90:5:3:2) for two hours. After filtration of the
resin, the combined filtrates were concentrated to ca. 2 mL volume and precipitated with
ether/hexane 2:1. The supernatant was decanted and the peptides triturated with ether/hexane
2:1 (3 x 20 mL). The peptides were repeatedly lyophilized until no traces of the cleavage
mixture remained. Peptides were purified, when necessary, using reverse phase HPLC (Cjsg)
Gradient elution with 0.08% TFA in acetonitrile added to 0.1% TFA in water.

Typical characterization of each peptide includes 1H NMR in both DMSO-dg and 10%

D20/90% H30, RPHPLC analysis and high resolution mass spectroscopy.
NMR Studies. NMR experiments were run on a Bruker Instruments AMXS500 spectrometer.
Spectra in H20/D20 mixtures are internally referenced to dimethylsulfoxide (DMSO) at 2.72
ppm. The shift of DMSO in aqueous solvents has been calibrated using 3-
(trimethylsilyl)propionic-2,2,3,3,-d4 acid sodium salt. Peak assignments were made with a
two-dimensional total correlation spectroscopy TOCSY experiment. The TOCSY FID’s were
multiplied by a phase shifted sine bell apodization function prior to Fourier transformation.

3503



3504

B. IMPERIALI and T. M. KAPOOR

Nuclear Overhauser effects (NOE's) were detected using the 2D spin-locked ROESY
experiment.15: It should be noted that the ROESY cross peaks, while useful in obtaining
qualitative proximity information (<3.5 A) cannot be easily used to derive quantitative distance
information in the same way as 2D NOE spectroscopy (NOESY) data.l6 2D ROESY
experiments were run in phase sensitive mode using time proportional phase increments. For
the ROESY experiments the spin lock power setting was calculated by determining the power of
a 125 ps 900 pulse. The experimental parameters were varied to optimize amide cross peak
intensity and to minimize HOHAHA artifacts.!7- The FID’s were multiplied by a phase shifted
squared sine bell apodization function prior to Fourier transformation. In a typical ROESY
experiment the relaxation delay was 1.3 s and the transmitter offset was positioned in the center
of the spectrum or on the water resonance and the data matrix consisted of 512 tj increments
containing 2K complex points. . For all experiments run in 90% H20/10% D30, solvent
suppression was obtained using presaturation at 280K.

The temperature dependence of the amide proton shifts was determined between 280 K
and 310 K. A minimum of five temperature steps were recorded in each experiment.
Calibration of the probe temperature was performed using either a methanol or ethylene glycol
standard. In all cases, the chemical shifts were found to vary linearly with temperature.

Zinc titrations were carried out at pH 7.5 in Tris-dj; buffer (concentration 100 mM) in

D20 by additions of 100 mM ZnCl; solution also in D20. The peptide concentrations were 7.5
mM and the experiments were carried out at 323 K.
CD Studies. CD spectra were recorded on a Jasco J-600 Spectropolarimeter equipped with a
temperature regulation device. Peptide solutions were prepared in double-distilled H20 (typical
concentration range: 25-50 uM) and degassed using 4 freeze-pump-thaw cycles and stored
under dry nitrogen. Standard peptide spectral samples were prepared by serial dilution with
double-distilled H2O (degassed by nitrogen sparging for 1 h) and analyzed in a 1.0 cm path
length quanz cell. Zinc titrations were carried out at pH 7.5 in Tris buffer (500 pM) solution
using a 5 mM stock of ZnCl; solution in double-distilled H20. pH dependent titrations were
carried out in the absence of buffer. The presence of 50 mM NaCl did not effect the titrations.
All spectra were obtained from 350 nm to 200 nm at a scan speed of 50 nm/min, a time constant
of 0.5 s, and a bandwidth of 1 nm. In all cases a minimum of 8 scans was taken, CD spectra
are reported in ellipticity/a-amino acid residue. Data were processed on a Macintosh Ilci
computer with KaleidaGraph software, version 2.1.1. CD studies were also carried out under
the conditions (concentration and temperature) of the NMR experiments to ensure the absence of
aggregative effects. '



Results and Discussion

Three independent experimental criteria are used to establish the conformational
predilections of the peptides in agueous solution. These include an evaluation of nuclear
Overhauser effects, amide temperature coefficients and circular dichroism spectra. In the
ROESY experiment, peptides 1 and 2 showed the dNN (Ser3, HisS), daN (Ser’, Hisb), dgs
(Val3, Pro?) and the dgN (Pro4, SerS) connectivities. The presence of the connectivity between
the amide protons of the (n+2) and the (n+3) residues is diagnostic of the turn since it can only
be observed if there is a sufficient population of the peptide in the "folded” conformation, The
dos (Val3, Pro%) connectivity provides evidence that the Pro% is in the trans conformation. In
addition, dgN (Pro%, Ser5) connectivity specifically supports a type II tumn.!8 For peptide 2, a
strong connectivity dng (His!, Val3) is also seen. This may imply that the peptide in solution
has its N-terminus 'kinked' and folded back. The NMR data further shows that the peptide does
not have any significant sheet conformation in the absence of metal ions, since diagnostic long
range connectivities between the two anti parallel strands are not seen. The ROESY spectrum of
peptide 3 does not reveal any structurally diagnostic NOE effects.

(ne3)

(n+2)

(n+t)

Figure 1. Schematic of Octapeptide in Type II p-turn (Key: o:H; @:C; ©:0; ®:N; @:R)

The temperature coefficients for the amide proton resonances provide an indication of
which amides are experiencing a solvent shielded (hydrogen-bonded) environment.
Temperature coefficients are influenced strongly by solvent effects; in water, the absolute
values range from (-)2 -> (-)11 ppb/K [<(-)4 ppb/K suggests strong solvent shielding, (-)4 ->
()6 ppb/K moderate shiclding and >(-)6 ppt/K indicates that a proton is likely to be exposed to
the bulk solvent]. Peptide 3 appears devoid of any secondary structural elements; all
temperature coefficients are >(-)7 ppb/K. In contrast, in peptides 1 and 2 the histidine (6)
amide proton is clearly solvent shielded with temperatwre coefficients <(-)4 ppb/K. In a p-turn,
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the (n+3) amide NH, in this case histidine (6), would be involved in a hydrogen bonding
interaction with the carbony! group of the (n) residue, and therefore, would be expected to
experience a solvent shielded environment.

Table 11
Temperature Coefficients for Amide Proton Resonances in Water (no metal)
PEPTIDE (AS/AT)/ppb/K
(n) (n+2) (n+3)
1 -6.8 (V) -8.4 (DS) -3.3 (H)
1.7 (V) -9.2 (DS) -3.8 (H)
3 1.1 (V) -7.1 (G) -7.2 (H)

Further information regarding the solution
state conformation of the peptides is derived
from CD studies.!9 In the absence of metal,
the CD spectrum for peptides 1 and 2 is
characterized by negative ellipticities >220nm
and <190nm and a positive ellipticity in the
200-210nm range (as shown in Figure
2).These minima and maxima are consistent
with the assignment of a type II B-turn
structure in solution. The almost

-1000

'%°%00 superimposable curves for the two peptides
imply that they have essentially identical

Figure 2 CD Spectra of peptides 1, conformational profiles in solution. In
2 and 3; 50uM, 25°C pH 7.5. contrast, the CD spectrum of peptide 3,

indicates a lack of secondary structure.

Since spectra of specific peptide secondary structure motifs are quite distinct,19 circular
dichroism can be employed as an assay for the effect of metal coordination on peptide
conformation in solution. As illustrated in Figure 3a, the ellipticity maximum for the peptide 2
both shifts to shorter wavelengths and greatly increases in intensity on addition of divalent zinc.
This effect is subject to saturation; indicating that the metal binding site becomes filled at levels
consistent with the affinity of the peptide for the divalent cation. At appropriate concentrations
(>50uM) saturation is achieved at a 1:1 metal:peptide stoichiometry. CD spectral data for
peptide 2, collected at varying concentrations (S0pM-5mM), are virtually identical; similar
effects are observed with peptide 1. This provides evidence that aggregation effects are not
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significant. Although precise calculations of the binding constants of the metal-peptide
complexes require further experiments, preliminary analysis (from the titration curve in Figure
3b) shows that the dissociation constants for peptides 1 and 2 with zinc are 20 and 12.5 pM
respectively. This slight variation in binding likely reflects the different coordinating properties
of carboxylate and imidazole ligands20 in addition to geometrical constraints imposed by the
peptide backbone. While the ideal CD spectra for pure p-sheet structures generally show an
absorption maximurn at a shorter wavelength, it is important to remember that some contribution
of the CD spectrum comes from the -turn motif within the supersecondary structural element.
While the data illustrated does not provide conclusive proof of the transition of the peptide
conformations from a tum to a sheet, it does imply is that there is a significant ordering of the
peptide conformation upon metal binding. Analogous results are obtained on titration of Coll
with peptides 1 and 2.

()
2000 ®)

- 2000
£ 1500 '
> 1500
§ 1000 E
g g 1000
® 500 9
-
500
0
-500 0
-1000 PWZVIW'ZI\CI’: -500
0,0.17,0.33,0.67, 1.0, 2.0 6q
_1500 'y s I A " ] _1000 L 1 ] 1 1 1 1 )
200 250 300 0 05 1 15 2 25 3 a5 4
AMnm ZnCl, equiv added

Figure 3. Interaction of peptide 2 with ZnCl;
(a) SOUM peptide 2, 25°C pH 7.5; 200-300 nm scan addition of ZnCl; as indicated in legend.
(b) 25uM peptide 2, 259C pH 7.5; ellipticity changes at 206 nm on addition of ZnCl.

The zinc titration for peptide 3 is shown in figure 4. This peptide does not appear to
undergo any significant conformational change on addition of metal. This study has been
repeated over a wide range of concentrations and it is clear that, under similar conditions,
peptide 3 is unable to undergo the dramatic changes conformational changes seen with peptides
1 and 2. Whether the above difference in metal interaction is primarily a structural effect and
not a result of a change in the primary peptide sequence is tested in the following way. A pH
dependent zinc titration of the peptides showed that metal binding was greatest near pH 7, but
not observed at all below pH 5.5. These results indicate that the metal interaction is dependent
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on the protonation of the imidazole ring nitrogens; thus at low pH, protons compete with metal
for imidazole coordination. The interaction of ZnCl; with peptides 1 and 2 was unaffected by
varying ionic strength (0-0.1M) and in the presence and absence of Tris buffer salts.

B [ : : Additional evidence illustrating that the
interaction is primarily between the
imidazole rings and the metal ions can be
obtained from NMR. TOCSY experiments
at pH 7 show that the six imidazole ring
protons and the six histidine p-CH2 protons,
shift significantly upon the addition of metal.

PN
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9 /deg.cm *dmol
T

-800 41

-1200

—— Peptide 3

1600 - - = - Peplide 3; 1 equiv. ZnC, No other metal dependent shifts are

-~ ---- Peptide 3; 2.5 equiv ZnCl, observed, indicating that coordination to the

20000 o 0L ) backbone amides is not occurring at these
200 250 300

Vnm concentrations.

Figure 4 Interaction of peptide 3
(50uM, 25°C pH 7.5) with ZnCl3
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Figure 5 IH NMR of imidazole ring protons on addition of ZnCl; to peptide 2 (7.5 mM,
25°C pH 7.5) (a) 0 mM ZnCly; (b) 3.75 mM ZnClp; (c) 11.25 mM ZnCla.

Unfortunately, the pH dependency on the metal binding limits the usefulness of any
NOE experiments, since at the pH where metal binding is effective, proton exchange is too
rapid to allow observation of diagnostic NOE's between amide NH protons and other
constituents of the polypeptide. To further probe the interaction between the imidazole donors
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and the metal ion, the effect of zinc dichloride titration on the peptide in D20 was examined.
The spectra show that the imidazole groups on peptide 2 do indeed interact with the metal as
evidenced by shifting of the imidazole resonances on the addition of a single equivalent of zinc
(illustrated in Figure 5). Parallel experiments with peptide 3 reveal that addition of several
equivalents of zinc is required to bring about changes in the proton NMR spectrum. These
observations together with the CD results for peptide 3 suggest that at the elevated
concentrations employed for the NMR experiment metal ion/imidazole association does occur,
however, it does not afford a discrete peptide/metal ion complex.

Conclusions

Spectroscopic studies on the binding of zinc to peptides 1 and 2 reveals that, at low
concentrations, metal ion induces the formation of a new ordered structure. CD studies strongly
suggest the presence of a p-hairpin structure. NMR indicates binding of all three histidine
imidazole rings in the coordinated complex at neutral pH. In contrast, peptide 3 shows quite
distinct behavior, and fails to adopt any additional order on metal binding. The results imply
that metal coordination alone does not provide a sufficient driving force to enable the peptide to
overcome ‘activation barrier’ for the folding process. While, in general, the rules for
determining what constitutes 2 sufficient nucleating center for the induction of enhanced metal
binding properties are not complete, the potential of the constrained type II turn in this case is
clear.
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