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ABSTRACT: Four amino acid substitutions were introduced into a peptide corresponding to the amino-
terminal subdomain (30-31 residues) of human granulin A (HGA) in order to assess the contributions of
a hydrophobic framework and other interactions to structure stabilization of the stack of twoâ-hairpins.
The resulting hybrid peptide, HGA 1-31 (D1V, K3H, S9I, Q20P) with four free cysteines, spontaneously
formed a uniquely disulfide-bonded isomer with an expected [1-3, 2-4] disulfide pairing pattern. This
peptide was characterized in detail by use of NMR and shown to assume a highly stable structure in
solution, in contrast to the amino-terminal 1-30 fragment of human granulin A. The prototype peptide,
or HGA 1-30 (C17S, C27S), had lower resistance to chemical reduction and proteolysis, broad NH and
HR proton resonances, lower proton resonance dispersion, and no slowly exchanging amide protons. Two
other peptides, HGA 1-30 (C17S, Q20P, C27S) and HGA 1-31 (D1V, K3H, S9I, C17S, C27S), with
either Pro20 stabilizing a potential reverse turn or with a hydrophobic cluster consisting of Val1, His3,
and Ile9, had sharper and slightly better dispersed NH and HR proton resonances, but still no slowly
exchanging amide protons. The solution structure of HGA 1-31 (D1V, K3H, S9I, Q20P) indicates that
it adopts a well-folded conformation of a stack of twoâ-hairpins, as found for the amino-terminal subdomain
of the prototypic carp granulin-1 with representativeâ-hairpin stacks. These results highlight the importance
of both hydrophobic and turn-stabilizing interactions for the structural integrity of the hairpin stack scaffold.
The conformational stability appears to be maintained by a combination of the well-formed secondâ-hairpin
and two hydrophobic clusters, one located at the interface between the twoâ-hairpins and the other on
“top” of the first â-hairpin. The implications of these findings for the design of conformationally stable
hairpin stacks are discussed.

The engineering of small polypeptide ligands that bind
selectively to desired biological targets has been a long-
sought goal in the field of protein chemistry and is becoming
an increasingly important step in the design of protein
mimetics as drug candidates (for reviews see refs1-3). One
of the general approaches in this direction is to optimize
selected residues within a certain conformationally con-
strained protein scaffold (1, 2). The use of a well-structured
polypeptide framework is justified by the higher binding
affinities that can be expected for the folded conformations
due to a smaller loss of conformational entropy upon binding.
In addition, once a rigid framework is constructed, it is
potentially easier to establish the details of the interactions
with the target protein for a folded protein ligand than for
an unstructured peptide. Structure details of intermolecular
contacts provide essential information for the design of a
new generation of mimetics of specific protein-protein
interactions.

The smallest naturally folded protein domains in the
absence of disulfide bonds or metal-binding sites are 40-
60 residues long, while linear peptides shorter than 40-50

residues usually assume very flexible conformations in
solution. Introduction of disulfide bonds limits the confor-
mational freedom of mimetic peptides and can significantly
improve their binding affinities (1, 2, 4). For this reason,
structured disulfide-rich protein domains represent an im-
portant class of folding motifs potentially suitable for the
design of minimized proteins. So far, only a few examples
of small (less than 40 residues) disulfide-rich scaffolds have
been engineered (5-10). It is also feasible to create a new
generation of minimized proteins based on a newly discov-
ered disulfide-rich scaffold, called the hairpin stack, found
in carp granulin-1, a representative member of an emerging
family of disulfide-rich proteins containing the granulin/
epithelin protein repeats (11). Indeed, it was shown recently
that a peptide corresponding to the 30-residue amino-terminal
subdomain of carp granulin-1, CG11 1-30 (C17S, C27S),
spontaneously forms an independently folded and disulfide-
reinforced stack of twoâ-hairpins similar to that found in
the native protein (12). However, building affinity for
selected protein targets into this minimized protein scaffold
must take into account molecular interactions dictating the
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folding of the peptide into a well-defined three-dimensional
framework. It is therefore very important, before attempting
the design of binding activities, to understand factors that
determine the unique three-dimensional structure of the stack
of two â-hairpins found for a subdomain of the granulin/
epithelin protein repeat.

Granulin-like protein repeats are also found in human and
rat inflammatory leukocytes and bone marrow as potential
autocrine and paracrine growth modulating factors for
epithelial and mesenchymal cells (13, 14). The amino-
terminal sequence of an abundant human granulin A is almost
identical to that of rat kidney epithelin 1, which stimulates
the proliferation of murine keratinocytes and is known to
inhibit the growth of cancerous cells, derived from a human
epidermal carcinoma (15-17). Human granulin A also shares
its amino-terminal sequence with the transforming growth
factor type-e (TGFe) (18), which acts as a mitogen for
epithelial and fibroblastic cells (19). The granulin/epithelin
precursor, containing seven and a half repeats of the granulin/
epithelin sequences including granulin A (15, 17), has been
identified as the PC cell derived growth factor, or PCDGF,
secreted by a highly tumorigenic cell line, and was demon-
strated to affect proliferation of both epithelial and nonepi-
thelial cells through specific binding to cell surface receptors
(20-22). Inhibition of PCDGF expression in PC cells was
shown to result in a dramatic inhibition of their tumorige-
nicity (23), demonstrating the importance of PCDGF over-
expression in tumor formation. Interestingly, the granulin/
epithelin precursor, in particular a fragment containing
granulins A and B, has been identified as a potential host
protein cofactor for the human immunodeficiency virus Tat
proteins (24). Therefore, growth-modulating proteins con-
taining the granulin/epithelin repeats are very attractive
targets for structure-function studies through protein mini-
mization and the design of functional mimetics.

We found that a 30 residue peptide derived from the
amino-terminal domain of human granulin A has a markedly
more flexible conformation in solution than its carp granulin
homologue (12), despite that half of the residues in these
peptides are identical. Analysis of the hydrophobic contacts
in the three-dimensional structures of the full-length carp
granulin-1 and in the corresponding amino-terminal peptide
fragment of carp granulin-1 (12) suggests that for carp
granulin-1 there exists a potentially stabilizing hydrophobic
framework, or a “hydrophobic cap”, formed by the three
residues Val1, His3, and Ile9 in the carp granulin-1 sequence.
Vranken et al. (12) noted that human granulin A lacks this
hydrophobic cap of carp granulin-1, which could explain the
reduced conformational stability of the human granulin A
peptide. We therefore introduced into the amino-terminal
1-31 fragment of human granulin A selected substitutions
(Asp1Val, Lys3His, and Ser9Ile), intended to restore the
hydrophobic framework present in the carp analogue. Several
variants of the modified peptide were prepared: in one of
them Gln20 of the human granulin A sequence was left
unchanged, and in another, Gln20 was replaced by Pro20,
which is a part of a reverseâ-turn within the central second
â-hairpin present in carp granulin. We found that only the
variant with the Gln20Pro substitution together with the
hydrophobic cap spontaneously folded upon air oxidation
into a well-defined and stable three-dimensional conforma-
tion.

MATERIALS AND METHODS

Peptide Synthesis and Purification.The amino-terminal
1-30 fragment of human granulin A, DVKCDMEVSCP-
DGYTCSRLQSGAWGCSPFT, or HGA 1-30 (C17S, C27S),
and five related analogues, HGA 1-30 (C17S, Q20P, C27S),
HGA 1-31 (D1V, K3H, S9I), HGA 1-31 (D1V, K3H, S9I,
C17S, Q20P, C27S), HGA 1-31 (D1V, K3H, S9I, C17S,
C27S), and HGA 1-31 (D1V, K3H, S9I, Q20P), were
prepared by solid-phase peptide synthesis using standard
Fmoc chemistry. To avoid undesirable coupling of disulfide
bonds, residues Cys17 and Cys27 of the original granulin A
sequence, which are expected to connect the second and third
â-hairpins in a stack of fourâ-hairpins, were replaced by
serines in HGA 1-30 (C17S, C27S), HGA 1-30 (C17S,
Q20P, C27S), HGA 1-31 (D1V, K3H, S9I, C17S, Q20P,
C27S), and HGA 1-31 (D1V, K3H, S9I, C17S, C27S) and
by S-acetamidomethylcysteines in HGA 1-31 (D1V, K3H,
S9I) and HGA 1-31 (D1V, K3H, S9I, Q20P). Two other
cysteines, Cys10 and Cys26, in HGA 1-30 (C17S, C27S),
HGA 1-30 (C17S, Q20P, C27S), and HGA 1-31 (D1V,
K3H, S9I, C17S, C27S) were also blocked byS-acetami-
domethyl groups to direct the formation of disulfide bonds
to those expected for a stack of twoâ-hairpins (11). The
reduced forms of the peptides were prepared from the crude
preparations dissolved in 0.1 M Tris-HCl, 1 mM EDTA, and
100 mM DTT, at pH 8.3 by HPLC purification using a C18

Vydac column and a linear 10 to 45% acetonitrile gradient
in 0.1% aqueous solution of trifluroacetic acid (TFA). The
regio-selective oxidation of HGA 1-30 (C17S, C27S), HGA
1-30 (C17S, Q20P, C27S), and HGA 1-31 (D1V, K3H,
S9I, C17S, C27S) was performed in two steps. The first
disulfide bond, or the 1-3 cystine, was formed by overnight
air oxidation in 1% ammonium-acetate buffer, pH 8.5. The
product was purified by HPLC, lyophilized, and redissolved
in 0.5 mL of TFA. TheS-acetamidomethyl cysteines were
deprotected by silver trifluoromethanesulfonate and oxidized
with DMSO in aqueous HCl as described by Hunter and
Komives (25). To the peptide solution in 0.5 mL of TFA,
anisole (10µL) and silver trifluoromethanesulfonate (27 mg)
were added and the mixture was incubated at 4°C for 1.5
h. Ice-cold dry ether (1 mL) was added to the reaction
mixture and the precipitate was collected by centrifugation.
The precipitate was washed twice with the same volume of
ice-cold ether and oxidized overnight in 2 mL of solution
containing 0.5 M HCl and 50% dimethylsulfoxide (DMSO).
The solution was then filtered, diluted 10 times with HPLC-
grade water and purified by reversed-phase HPLC. HGA
1-31 (D1V, K3H, S9I), HGA 1-31 (D1V, K3H, S9I, C17S,
Q20P, C27S), and HGA 1-31 (D1V, K3H, S9I, Q20P) were
oxidized overnight by air in 1% ammonium-acetate buffer,
pH 8.5, at a peptide concentration of approximately 6µg/
mL. TheS-acetamidomethylcysteines in oxidized HGA 1-31
(D1V, K3H, S9I) and HGA 1-31 (D1V, K3H, S9I, Q20P)
were left unmodified. When necessary, the peptides were
repurified by HPLC using 0.1% triethylaminoacetate buffer,
pH 5.2, and an acetonitrile gradient of 10-45%. The
identities of the peptides were verified by the use of a SCIEX
API III ion-spray mass spectrometer.

Disulfide Bond Mapping and Proteolytic Digestion.The
mapping of the disulfide bonds was achieved by using a
partial reduction method described by Gray (26, 27). The
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oxidized peptides were reduced for 3 min at 65°C in an
aqueous solution containing 20 mM tris-(2-carboxyethyl)-
phosphine (TCEP) and 0.17 M citric acid, pH 3.0. The
reaction mixture was immediately injected onto HPLC. The
partially reduced species were isolated on an analytical Vydac
C18 reversed-phase HPLC column and alkylated with a
supersaturated 2.2 M solution of iodoacetamide as described
by Gray (26). The alkylated peptides were purified on HPLC,
characterized with ion-spray mass spectroscopy, and by
amino-terminal sequencing.

For proteolytic digestion, an amount of 10µg of the
peptides was dissolved in 50µL of a buffer containing the
proteases and incubated at 37°C for different periods of time.
For the Glu-C protease, the digestion buffer was 50 mM
sodium phosphate, pH 7.8, for the Arg-C protease, the buffer
was 100 mM ammonium bicarbonate, pH 8.0, and for
proteinase K, the buffer was 100 mM Tris-Cl and 1 mM
CaCl2, pH 7.8. For digestion with pepsin, 10µg of the
peptides were dissolved in 200µL of 10 mM HCl, and 1
mg of pepsin linked to agarose beads was added to the
peptide solution.

NMR Experiments.The peptides were dissolved in a 20
mM sodium acetate-d3 buffer, 10% D2O, with the pH
adjusted to 5.0 with no correction for the isotope effect. The
concentrations of the peptide samples were between 0.07 and
0.6 mM. For the deuterium exchange experiments, the
peptide samples were lyophilized and redissolved in D2O to
the same volume as the H2O solution. The peptide samples
in D2O were transferred to the original NMR tubes and a
series of one-dimensional proton spectra were recorded
immediately after the sample preparation. The first spectrum
was usually recorded 12-17 min after D2O addition. The
subsequent spectra were recorded every 5-20 min.

NMR experiments were carried out at 500 MHz on Bruker
Avance-500 or DRX-500 NMR spectrometers. TOCSY (τSL

) 35-65 ms) spectra (28) and water-flipback NOESY (τm

) 150-250 ms) spectra (29) were obtained at 288 K and
298 K. The water signal was suppressed using WATER-
GATE (30) for the samples in H2O and using low-power
presaturation for those in D2O. The spin-lock used for
TOCSY experiments was an MLEV-17 sequence (31) with
a field strength of 8.3 kHz preceded and followed by a 2.0
ms trim pulse. The collected FID data were processed using
the Bruker XWIN-NMR program. Spectral visualization and
analysis were carried out manually on plotted spectra and/
or on Silicon Graphic workstations with the program
PRONTO (32). Residue-specific assignment of the proton
resonances was achieved by spin system identification using
TOCSY, followed by sequential assignment through NOE
connectivities. All chemical shift values are referenced to
that of an internal DSS standard which was set to 0 ppm.

The 3JHNHR coupling constants were calculated from the
separation of the cross-peak extrema measured with two
forms of DQF-COSY spectra, one phased in pure absorption
and the other in pure dispersion (33). All values between
6.0 and 8.0 Hz were discarded. An error of(1 Hz was
assumed in converting the remaining coupling constants to
dihedralφ angle constraints.

Structure Calculation.The experimental NOE distances
for HGA 1-31 (D1V, K3H, S9I, Q20P) were divided into
three categories with upper bounds of 2.5, 3.0, and 5.0 Å,
based on the intensity of the corresponding cross-peaks.

Individual distances were categorized by an approximate
calibration against the intensities of the NOE peaks between
geminal protons. The number of unambiguous distance
constraints totaled 174, including those involving prochiral
centers treated using the summation procedure (34, 35). In
addition, two disulfide bonds and eightφ angle constraints
were used in the structure calculations. A total of 100 initial
structures were calculated using the XPLOR program (36)
using a standard protocol of distance geometry followed by
simulated annealing (DG/SA). The NOE penalty function is
a square-well potential with a weight of 50 kcal mol-1 Å -2

throughout the calculations. Ten lowest energy structures
were used to define five hydrogen bonds that were included
in the final list of constraints. A final set of 200 structures
was generated by DG/SA and refined with XPLOR using a
simulated annealing protocol. The stereochemical quality of
the final set of computed structures was verified using
PROCHECK (37). The Sybyl and InsightII molecular
graphics programs were used for structure manipulation and
viewing.

RESULTS

Folding Properties of the N-Terminal Subdomain of
Human Granulin A and Its Analogues.Upon oxidation, a
peptide with four cysteines can theoretically form three
different disulfide-bonded isomers. To eliminate two of the
possibilities, we prepared the reduced form of HGA 1-30
(C17S, C27S) with Cys10 and Cys26 blocked by S-
acetamidomethyl groups. The selection of these blocked
cysteines was intended to assess the folding properties of
HGA 1-30 (C17S, C27S) within the [1-3, 2-4] disulfide
framework of the stack of twoâ-hairpins. After two-step
oxidation of the peptide (see Materials and Methods), the
[1-3, 2-4] disulfide pairing of HGA 1-30 (C17S, C27S)
was reconfirmed by a partial reduction of the peptide with
the subsequent alkylation of the produced semireduced
species (26, 27). After 3 min of incubation of HGA 1-30
(C17S, C27S) with an excess amount of TCEP, as described
in the Materials and Methods, 42% of the total peptide was
completely reduced. In addition to the fully oxidized form
of HGA 1-30 (C17S, C27S), two more species are observed
(Figure 1): the fully reduced peptide, with the HPLC
retention time of 21.8 min, and the semireduced species, with
the HPLC retention time of 17.2 min. At reduction times
below 2 min, it is possible to observe another semireduced
isomer, with the HPLC retention time of 18 min (data not
shown), but the yield of the semireduced species is markedly
lower. The semireduced species was collected, alkylated with
iodoacetamide, and purified. The mass of the alkylated
peptide was 3357, corresponding to the expected mass of
HGA 1-30 (C17S, C27S) with two labeled cysteines. The
amino-terminal analysis of the first 18 residues demonstrated
that the first and the third cysteines were labeled, while the
second cysteine was not labeled (data not shown). These data
prove conclusively that upon regio-selective oxidation the
HGA 1-30 (C17S, C27S) disulfide pairing pattern is, as
expected, [1-3, 2-4]. The regio-selective oxidations of
HGA 1-30 (C17S, Q20P, C27S) and HGA 1-31 (D1V,
K3H, S9I, C17S, C27S) were performed in a similar fashion
(data not shown).

To establish if the other three peptide analogues, HGA
1-31 (D1V, K3H, S9I), HGA 1-31 (D1V, K3H, S9I,
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Q20P), and HGA 1-31 (D1V, K3H, S9I, C17S, Q20P,
C27S), can spontaneously form the similar [1-3, 2-4]
disulfide pairing pattern upon air oxidation, the peptides were
oxidized as described in the Materials and Methods, and the
products were analyzed using reversed-phase HPLC. The two
peptides HGA 1-31 (D1V, K3H, S9I) and HGA 1-31
(D1V, K3H, S9I, Q20P) contain Acm-blocked Cys17 and
Cys27, which may better mimic the disulfide bonds that
connect the second and the thirdâ-hairpins in the consensus
three-dimensional structure for granulin repeats (11). Air
oxidation of HGA 1-31 (D1V, K3H, S9I) produced two
intense and well-separated peaks on HPLC with a retention
time of 21.5 and 22.5 min. Both peptide fractions had a
molecular mass of 3562, corresponding to the fully oxidized
peptide. The oxidation of HGA 1-31 (D1V, K3H, S9I,
Q20P) produced a unique species with a molecular mass of
3530 and a retention time of 15 min. Subsequent repurifi-
cation of HGA 1-31 (D1V, K3H, S9I, Q20P) using the
triethylaminoacetate-acetonitrile solvent system confirmed
the homogeneity of the peak. Therefore, HGA 1-31 (D1V,
K3H, S9I, Q20P) upon air oxidation folds into a single
molecular species with a unique disulfide pairing. The
peptide HGA 1-31 (D1V, K3H, S9I, C17S, Q20P, C27S),
with two serine residues replacing cysteines 17 and 27, also
spontaneously formed a uniquely folded species upon free-
air oxidation (data not shown).

We then performed a comparative analysis of the suscep-
tibility of two representative peptides, i.e., the oxidized HGA
1-30 (C17S, C27S) and HGA 1-31 (D1V, K3H, S9I,
Q20P), to partial reduction by TCEP and proteolysis with
proteases. After the peptides were treated with TCEP and
different proteases, the products were immediately injected
onto and analyzed with reversed-phase HPLC. The TCEP
reduction of these two peptides showed that HGA 1-30
(C17S, C27S) is reduced faster than HGA 1-31 (D1V, K3H,
S9I, Q20P). As mentioned above, after 3 min of HGA 1-30
(C17S, C27S) incubation with excess TCEP, 42% of the total
peptide was completely reduced. HGA 1-31 (D1V, K3H,
S9I, Q20P) was more difficult to reduce under the same
conditions, after 5 min of reduction, only 6% of total peptide

was reduced, and only 28% was reduced after 10 min of
reduction.

Both peptides were not cleaved after 6 h of incubation
with Glu-C and Arg-C at 37°C, while they were equally
well degraded by proteinase K for 2 h at 37°C. However,
the peptides showed different susceptibility to pepsin diges-
tion. HGA 1-30 (C17S, C27S) was completely digested with
pepsin after 1.5 h of incubation at 37°C, while HGA 1-31
(D1V, K3H, S9I, and Q20P) did not show an observable
change in HPLC profile after 4 h of incubation at 37°C.

NMR Characterization of the Uniquely Disulfide-Bonded
Peptides.The oxidized peptide HGA 1-30 (C17S, C27S),
derived from human granulin A, shares a 50% sequence
identity with its carp analogue CG1 1-30 (C17S, C27S).
The human granulin A peptide, however, has a tendency to
aggregate in solution at concentrations higher than 100µM,
producing broadened NMR spectra (Figure 2, spectra a and
b). Therefore, we studied the behavior of this peptide at
concentrations below 70µM. One-dimensional NMR spec-
trum and two-dimensional TOCSY NMR spectrum of HGA
1-30 (C17S, C27S) showed that at the concentration of 67
µM the amide proton and side-chain proton resonance
dispersion is lower than that of CG1 1-30 (C17S, C27S),
with an NH resonance dispersion of 2.26 ppm as compared
to 2.69 ppm for the carp analogue at pH 5.0. The NH
resonance peaks are comparatively broad, suggesting a
conformational exchange (Figure 2, panels a and b).

HGA 1-30 (C17S, Q20P, C27S) and HGA 1-31 (D1V,
K3H, S9I, Q20P) appear to be better folded in solution than
its prototype, HGA 1-30 (C17S, C27S). The dispersion of
the resonance peaks is higher for both HGA 1-30 (C17S,
Q20P, C27S) and HGA 1-31 (D1V, K3H, S9I, Q20P), with
an NH peak dispersion of 2.27 (Figure 2, spectra c and d)
and 2.36 ppm (Figure 2, panels e and f), respectively. In
addition, the NH resonance signals were sharper for both

FIGURE 1: HPLC separation of the partially reduced products of
HGA 1-30 (C17S, C27S) by TCEP. The peptides were reduced
as described in Materials and Methods and immediately applied to
a 25 × 0.46 cm Vydac C18 reversed-phase HPLC column
equilibrated with 90% solution A (0.1% TFA) and 10% solution B
(acetonitrile, 0.1% TFA). The separation was performed at a flow
rate of 1.5 mL/min using an extended gradient of 10-50% solution
B over 40 min. The start of the gradient was marked as zero time.
The detector wavelength was set at 278 nm. Peaks O and R
correspond to the fully oxidized and fully reduced species of HGA
1-30 (C17S, C27S), respectively. The SR peak corresponds to the
semireduced species.

FIGURE 2: The amide proton resonances of (a) 0.4 mM HGA 1-30
(C17S, C27S); (b) 0.068 mM HGA 1-30 (C17S, C27S); (c) 0.6
mM HGA 1-30 (C17S, Q20P, C27S); (d) 0.07 mM HGA 1-30
(C17S, Q20P, C27S); (e) 0.6 mM HGA 1-31 (D1V, K3H, S9I,
Q20P); (f) 0.068 mM HGA 1-31 (D1V, K3H, S9I, Q20P). The
one-dimensional NMR spectra of these peptides were recorded in
20 mM sodium-acetate-d3 buffer, 10% D2O, pH 5.0, at 288 K.
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peptides, with no changes observed in the range of the
peptide concentrations between 70 and 600µM (Figure 2,
spectra c to f). Interestingly, both HGA 1-31 (D1V, K3H,
S9I, C17S, C27S) and HGA 1-31 (D1V, K3H, S9I, C17S,
Q20P, C27S) are also better folded than HGA 1-30 (C17S,
C27S) on the basis of higher resonance dispersion and
sharper NH proton resonance peaks (spectra not shown).

The conformational properties of the disulfide-bonded
peptides were further characterized by following the course
of exchange of the amide protons in the peptides with D2O.
No evidence was found for slowly exchanging amide protons
in HGA 1-30 (C17S, C27S), HGA 1-30 (C17S, Q20P,
C27S), and HGA 1-31 (D1V, K3H, S9I, C17S, C27S).
However, both HGA 1-31 (D1V, K3H, S9I, Q20P) and
HGA 1-31 (D1V, K3H, S9I, C17S, Q20P, C27S) contained
slowly exchanging amide protons, some of which were still
present after hours of incubation with D2O. For example,
the residues with slowly exchanging amide protons were
identified as Tyr14, Thr15, Cys17, Leu19, Gly25, and Cys27
in HGA 1-31 (D1V, K3H, S9I, Q20P) by recording a
TOCSY spectrum in D2O. Slowly exchanging amide protons
were also observed within the N-terminal subdomain of the
full-length carp granulin-1 (11) and for a peptide corre-
sponding to its amino-terminal 1-30 fragment, CG1 1-30
(C17S, C27S) (unpublished observations). The corresponding
residues in the full-length carp granulin-1 have been shown
to participate in the formation of interstrand backbone-
backbone hydrogen bonds within the secondâ-hairpin (11).
The absence of slowly exchanging amide protons in HGA
1-30 (C17S, C27S), HGA 1-30 (C17S, Q20P, C27S), and
HGA 1-31 (D1V, K3H, S9I, C17S, C27S) provides
conclusive evidence for a reduced conformational stability
of these three peptides as compared to both HGA 1-31
(D1V, K3H, S9I, Q20P) and HGA 1-31 (D1V, K3H, S9I,
C17S, Q20P, C27S). These results, along with the spontane-
ous folding of and very similar proton NMR spectra for HGA
1-31 (D1V, K3H, S9I, Q20P) and HGA 1-31 (D1V, K3H,
S9I, C17S, Q20P, C27S), suggest that the conformational
stability of the human granulin A peptide conferred by the
Asp1Val, Lys3His, Ser9Ile, and Gln20Pro substitutions is
independent of whether Cys17 and Cys27 are replaced by
serines orS-acetamidomethylcysteines. We therefore focused
further structural characterization on the HGA 1-31 (D1V,
K3H, S9I, Q20P) variant with Acm-blocked cysteines which
can be used for the formation of disulfide bonds in future
studies.

Nuclear OVerhauser Effects for the Well-Folded HGA
1-31 (D1V, K3H, S9I, Q20P). A summary of the NOE
connectivities observed for the HGA 1-31 (D1V, K3H, S9I,
Q20P) is shown in Figure 4. Similar to the full-length carp
granulin-1, HGA 1-31 (D1V, K3H, S9I, Q20P) exhibits a
pattern of interstrand NOEs, characteristic of a regular
antiparallelâ-sheet from residues Thr14 to Pro28 (Figure 4,
panels b and c). Residues 1-11 of HGA 1-31 (D1V, K3H,
S9I, Q20P) form aâ-sheetlike subdomain with some
interstrand NOE connectivities consistent with the formation
of another â-hairpin. There were, however, no slowly
exchanging amide protons in this region, suggesting the
absence of a regularâ-hairpin in solution. Also, the HR

chemical shift deviations from the random coil values are
lower in this part compared to the second, well-defined
â-hairpin. Similarly, the first â-hairpin appears to be

structurally less defined than the secondâ-hairpin in both
carp granulin-1 and its amino-terminal fragment (11, 12).

The structural similarities between HGA 1-31 (D1V,
K3H, S9I, Q20P), the full-length carp granulin-1, and its
N-terminal fragment were further confirmed by the observa-
tion of long-range NOEs typical of the hydrophobic interac-
tions in the stack of twoâ-hairpins. The presence of the
hydrophobic cap in HGA 1-31 (D1V, K3H, S9I, Q20P) was
suggested by the NOE connectivities between the side-chain
protons of Ile9 and the HR,â protons of His3 and between
the side-chain protons of Ile9 and the Hâ protons of Val1.
The Hâ,γ protons of Val2 make close contacts with the Hâ

protons of Cys10. Numerous NOE connectivities are ob-
served between the side chain of Trp24 and the side chains
of Arg18, Cys4, and Cys16, suggesting the presence of the
Trp24-Arg18-(Cys4Cys16)-(Cys10Cys26)-Val2 hydro-
phobic cluster resembling that in carp granulin-1. In addition,
the NOE connectivities between the heterocycle protons of
Trp24 and the Hγ protons of Val8 are consistent with the
relative orientation of the N-terminal and C-terminalâ-hair-
pins observed in carp granulin-1.

On the basis of the unambiguous NOEs between the Hâ
2

protons of Cys26 and the downfield Hâ proton of Cys10,
Vranken et al. (12) established that the disulfide pairing in
the amino-terminal fragment of carp granulin-1 is [1-3,
2-4], a pattern identical to that of the native full-length carp
granulin-1. Similarly, we determined the disulfide pairing
in HGA 1-31 (D1V, K3H, S9I, Q20P) by searching for Hâ

to Hâ and HR to Hâ NOEs between different cysteines. The
HR of Cys4 and HR of Cys26 were unambiguously connected
to the Hâ

2 of Cys16 and to the upfield Hâ of Cys10,
respectively. No other HR to Hâ contacts between cysteines
were found. Therefore, we concluded that the disulfide
pairing in HGA 1-31 (D1V, K3H, S9I, Q20P) is [1-3,
2-4], the same as in the native carp granulin. The NOEs
consistent with the Hâ to Hâ connectivities between Cys4
and Cys16 were also observed, but they could not be
unambiguously assigned because of the spectral overlaps.

FIGURE 3: Sequential NOE walk for the HGA 1-31 (D1V, K3H,
S9I, Q20P). The experimental conditions were as in Figure 2e. The
NOESY spectrum was acquired with a mixing time of 250 ms at
288 K.
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Three-Dimensional Structure of HGA 1-31 (D1V, K3H,
S9I, Q20P).Three-dimensional structure of HGA 1-31
(D1V, K3H, S9I, Q20P) was calculated with eightφ angle
constraints, 72 sequential NOEs, 102 medium plus long-range
NOEs, five hydrogen bonds, and two disulfide bond con-
straints. The eightφ angle constraints for residues Val2, Glu7,
Cys10, Thr15, Cys17, Cys26, Cys27, and Thr30 were
determined from the3JHNHR coupling constants as described
in the Materials and Methods. Six slowly exchanging amide
protons were examined for possible candidates of hydrogen
bond formation on the basis of the first rounds of structure
calculation. Five hydrogen bonds were unambiguously
assigned and incorporated in the final list of distance
constraints. For every assigned hydrogen bond, two con-
straints of 1.8-2.0 and 2.7-3.0 Å were imposed for the
amide proton-carbonyl oxygen and for the amide nitrogen-
carbonyl oxygen distances, respectively. Of the final 200
calculated structures, 10 of the lowest NOE energy were
chosen for further analysis (see Materials and Methods for
more details). The calculation statistics demonstrates the high
quality of these 10 structures (Table 1).

The superposition of the 10 best structures is shown in
Figure 5. There is a well-defined second (central)â-hairpin
from Thr14 to Pro28. The two strands of the centralâ-sheet
in HGA 1-31 (D1V, K3H, S9I, Q20P) are linked by a
reverse turn, with residues Leu19, Pro20, Ser21, Gly22, and
Ala23 adopting a conformation of the type I+ G1 â-bulge
turn. These residues are located in theâRRγRγLâ region of
the Ramachandran plot defining the backbone conformations
(38). This turn is stabilized by a hydrogen bond connecting
the NH proton of Leu19 and the carbonyl oxygen of Ala23.
The amide proton of Leu19 is shielded from solvent
exchange (see above); there were, however, no other slowly
exchanging protons within the turn. The whole central

â-sheet can be classified as a 3:5 typeâ-hairpin, which is
widespread in protein structures (38). The hairpin also
exhibits the right-hand twist characteristic of this class of
hairpins (39). The corresponding 3:5 type hairpin was also
found in the full-length carp granulin and its independently
folded amino-terminal fragment (11, 12). The average
pairwise rmsd for the backbone atoms of residues 14-28 is
0.58( 0.19 Å, and of residues 19-23, defining the turn, is
0.20 ( 0.09 Å. The first hairpin (residues 1-11) is not as

FIGURE 4: A summary of the NOE connectivities and other NMR data for HGA 1-31 (D1V, K3H, S9I, Q20P). (a) Sequential NOE
contacts (indicated byR-N, â-N, and N-N) between the HR, Hâ, and NH protons of the current residue and the following residue. The
thickness of the lines reflects the relative intensity of the NOE cross-peaks (strong, medium, and weak). Residues with slowly exchanging
protons are marked with asterisks. (b) Diagonal plot of the NOE contacts observed for HGA 1-31 (D1V, K3H, S9I, Q20P). A filled square
in position (i,j) indicates that an NOE was observed between residuesi andj. (c) Identification of an antiparallelâ-sheet involving residues
14-28 of HGA 1-31 (D1V, K3H, S9I, Q20P). Dotted lines indicate the observed interstrand NOEs. Arrows show the assigned hydrogen
bonds with slowly exchanging amide protons (indicated by asterisks in Figure 4a).

Table 1: Experimental Constraints and Refinement Statisticsa for
HGA 1-31 (D1V, K3H, S9I, Q20P)

distance
constraints

intraresidue none used

sequential 72
medium and long

range
102

hydrogen bonds 5
disulfide bonds 2

angle constraints dihedral angles 8

Cartesian coordinate residues 2-28 1.08( 0.24
pairwise rmsdb (Å) 1-11 0.77( 0.23

14-28 0.58( 0.19
19-23 0.20( 0.09

deviations from bonds 0.002( 0.0001Å
covalent
geometry

valence angles 0.53( 0.01°

XPLOR energies total 44.03( 1.99
(kcal mol-1) NOE 1.37( 0.26

PROCHECK residues in the
statistics most favored regions 66.1%

additional allowed regions 28.7%
generously allowed regions 2.2%
disallowed regions 3.0%

a Values were calculated over the entire sequence and expressed as
the averages of the 10 lowest energy structures.b Pairwise rmsd was
calculated by superposition of the 10 lowest energy over the sequence
specified.
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well-defined as the second one, and the average pairwise
rmsd for this region is 0.77( 0.23 Å.

The overall fold of the peptide is very similar to that of
full carp granulin-1 and represents another example of a well-
structured stack of twoâ-hairpins linked together by one
reverseâ-turn and two disulfide bonds. There is a network
of hydrophobic interactions composed of two hydrophobic
clusters in HGA 1-31 (D1V, K3H, S9I, Q20P) that is also
present in the native carp granulin-1 (Figure 6). One cluster
is located between the twoâ-hairpins and consists of the
side chains of Val2, Trp24, and the two disulfide bridges.
The second cluster is located on top of the firstâ-hairpin
and is formed by the side chains of Val1, His3, and Ile9, or
the so-called hydrophobic cap (11, 12). The aromatic side
chain of Trp24 also makes characteristic contacts with Asp5
and Val8, linking the twoâ-hairpins. The same interactions

were observed in the amino-terminal fragment of carp
granulin-1 (12). The side chain of Pro20 and the bulky Acm
groups do not have obvious NOE contacts and do not seem
to participate in hydrophobic interactions. Also, there do not
seem to be any side chain-side chain hydrophobic interac-
tions on the lower side of the secondâ-hairpin.

DISCUSSION

To study the role of hydrophobic interactions for the
conformational stability of a stack of twoâ-hairpins, we
introduced a hydrophobic cap found in an independently
folded amino-terminal fragment of carp granulin-1 into a
related but not well-folded peptide, derived from human
granulin A. In addition, residue Gln20 was replaced with
proline present in a strategic location within the central
â-hairpin of carp granulin-1. Proline residues have a defined
φ angle because of the pyrrolidine ring and are, therefore,
expected to reduce unfavorable entropy contributions in
structure formation (40). It also may, due to restriction of
theφ angle to about-60°, direct the folding of the peptide
by favoring the tertiary interactions stabilizing the hairpin
and the overall fold. As a result of proline substitution, HGA
1-31 (D1V, K3H, S9I, Q20P) spontaneously forms a unique
disulfide species with the expected “native” [1-3, 2-4]
pairing. Narrower proton resonances, larger resonance dis-
persion and slow deuterium exchange in the centralâ-hairpin
region together with a decreased susceptibility to chemical
reduction and proteolytic degradation, provided conclusive
evidence that the resulting hybrid peptide is markedly more
structured in solution than its native human sequence with
the same disulfide pairing. Introduction of either proline or
the hydrophobic cap into the human granulin A peptide alone
improved its folding characteristics, but was not enough to
create a network of slowly exchanging hydrogens in the
secondâ-hairpin. Only incorporation of the hydrophobic cap
together with Pro20 recreated a peptide comparable in its
conformational stability and similar in its three-dimensional
structure to the corresponding carp granulin-1 peptide. These
findings highlight the importance of both hydrophobic and
turn-stabilizing interactions for the structural integrity of the
stack of twoâ-hairpins.

Apparently, spontaneous oxidative folding of the peptide
into the correct crisscross disulfide pattern is related to the
conformational stability of the stack of twoâ-hairpins. It is
possible that during the oxidation tertiary interactions defin-
ing the fold are strong enough to bring the cysteine side
chains together in a fashion that favors formation of the

FIGURE 5: A cluster of the 10 best structures of HGA 1-31 (D1V, K3H, S9I, Q20P) shown in stereoview. Only backbone atoms and two
disulfide bonds are displayed. Superposition of all the structures was carried out using the CR atoms of residues 2-28.

FIGURE 6: Overlay of the backbone ribbons of the full carp
granulin-1 protein (in red) and the amino terminal fragment HGA
1-31 (D1V, K3H, S9I, Q20P) (in green). Also shown are the side-
chain heavy atoms of the residues forming the first (Val1, His3,
and Ile9) and the second (Val2, Val8, Arg18, Trp24, Cys4-Cys16,
and Cys10-Cys26) cluster of hydrophobic residues. Cystines are
shown in yellow, and substituted residues are shown in blue.

2884 Biochemistry, Vol. 39, No. 11, 2000 Tolkatchev et al.



correct disulfide pairing. The ability of the small cysteine-
rich peptides to spontaneously fold into the correct disulfide
pairing is particularly valuable if the structure scaffold is to
be used with molecular evolution techniques, such as phage
display, to identify binding proteins and to optimize binding
affinity. The cysteine-rich scaffolds are usually avoided in
functional optimization through phage display due to the
uncertainties in cystine formation (2). However, the disulfide-
rich knottin architecture was shown recently to be suitable
for the creation of small proteins with novel binding activities
(9). Although the authors demonstrated that reduction of the
selected ligands abolished their binding activities, indicating
a dependence on the formation of disulfide bonds, there was
no information concerning the actual disulfide pairing in the
created molecules. Examples of the EGF-like repeats are
known which differ severalfolds in binding affinities toward
their targets depending on their disulfide pairing pattern (41-
43). Hence, if the search for novel binding activities is desired
to be performed within well-folded representatives of a
certain scaffold, phage display optimization is best to be
combined with rational design, ensuring proper topology of
the ligand molecules (4, 44).

The stack of twoâ-hairpins satisfies the criteria and may
be a subclass of the so-called disulfideâ-cross (45, 46), a
highly abundant scaffold shared by members of the growth
factor family, small disulfide-rich toxins, and growth factor-
like protein repeats. Although the disulfideâ-cross was
proposed to be a folding nucleus for small disulfide-rich
proteins (45), no stable and independently folded disulfide
â-crosses were reported until recently, when the amino-
terminal 30 residue fragment of carp granulin-1 was shown
to have an identical fold to that found in the full-length
protein (12). In contrast, another possible candidate for the
formation of aâ-cross, the amino-terminal fragment of the
sixth epidermal growth factor-like domain from thrombo-
modulin, was demonstrated to have no stable fold free in
solution (43). The peculiarity of the carp granulin sequence
is that it provides enough information for the correct folding
of its amino-terminal subdomain in the absence of its
interaction with the carboxy-terminal fragment or with other
binding proteins. Two hydrophobic clusters, one between two
â-hairpins and another on top of the first hairpin (the
hydrophobic cap), seem to be responsible for the exceptional
conformational stability of the amino-terminal carp granu-
lin-1 fragment (11, 12). The conformational stability of the
carp granulin N-terminal subdomain may also contribute to
the resistance of the full-length protein to thermal denatur-
ation: indeed, heating the native protein up to 358 K
followed by cooling to 298 K did not result in any changes
to the proton resonances (unpublished observations).

An elegant example demonstrating that the formation of
an appropriate scaffold may be a “sufficient” requirement
for binding activities, was recently provided by Blanco-
Aparicio et al. (47). It was shown that the potato carbox-
ypeptidase inhibitor (PCI) is able to suppress the growth of
several human pancreatic adenocarcinoma cell lines, both
in vitro and in nude mice. The PCI contains a disulfide-rich
T-knot structural motif that is shared by several mammalian
growth factors, including the epidermal growth factor and
the transforming growth factorR (45, 46). The authors
suggested that structural similarities of PCI and the epidermal
growth factor might be the reason for the antitumor activity

of PCI. This latest finding unquestionably emphasizes the
importance of creating of a family of well-folded scaffolds
present in growth-modulating proteins. The stack of two
â-hairpins studied here represents, therefore, an important
alternative and expands our knowledge in the building of
novel and conformationally stable protein mimetics as
selective ligands for biologically important targets.
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