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Abstract: On the basis of the X-ray structure and results from structure-activity relationship studies, the
following GM-CSF analogue was designed and synthesized by solid-phase methodology: hGM-CSF[13-31]-
Gly-Pro-Gly-[103-116]-NH,. This analogue was constructed to comprise helices A and D of the native hGM-
CSF, covalently linked in an antiparallel orientation by the tripeptide spacer Gly-Pro-Gly, which is known as a
turn-inducing sequence. The conformational analysis of the analogue by CD spectroscopy revealed an
essentially random structure in water, while o-helix formation was observed upon addition of TFE. In 40%
TFE the helix content was ~45%. By two-dimensional NMR experiments in 1:1 water/trifluoroethanol
mixture two helical sequences were identified comprising the segments corresponding to helix A and helix D.
In addition to medium-range NOESY connectivities, a long-range cross-peak was found involving the leucine
residues at positions 13 and 35. Based on the experimentally derived data (54 NOEs), the structure was
refined by restrained molecular dynamics simulations over 120 ps at various temperatures. A representative
conformation derived from the computer simulation is mainly characterized by two helical segments
connected by a loop region. The overall three-dimensional structure of the analogue is comparable to the X-
ray structure of hGM-CSF in that helices A and D are oriented in an antiparallel fashion, forming a two «-helix
bundle. Nevertheless, there are small differences in the topology of the helices between the solution structure
of the designed analogue and the X-ray structure of hGM-CSF. The possible implications of these
conformational features at the effects of biological activity are discussed. © 1997 European Peptide Society
and John Wiley & Sons, Ltd.
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INTRODUCTION

Human granulocyte-macrophage colony-stimulating
factor (hGM-CSF) is a member of a glycoprotein
family that stimulates the growth and differentiation
of haematopoietic progenitor cells from various
lineages, e.g. granulocytes, macrophages, eosino-
phils and megakaryotes. Additionally, these proteins
are involved in various other biological functions
related to differentiation processes of tumour cells
lines [1, 2]. Like many other growth factors and
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cytokines, GM-CSF belongs to a common protein-
fold superfamily comprising the family of four-helix
bundles, EGF-like, insulin-like, p-trefoil and cy-
steine knot proteins [3]. According to Presnell and
Cohen [4], four-helix bundles are topologically
characterized by (i) the chain connectivity (‘over-
hand’ connections), (ii) the direction of the helices
(parallel/antiparallel), and (iii) the overall bundle
handedness (right/left handed bundle). Within the
family of four-helix bundle proteins GM-CSF be-
longs to the subclass of the so-called short-chain
family [5]. Members of the four-helix bundle cyto-
kine family show low sequence homology but are
structurally closely related [4, 6-9]. Their common
structural motif consists of a core of four helices
arranged in an up-up-down-down mode [6, 10]
(Figure 1)

The structure of recombinant hGM-CSF solved by
X-ray crystallography [11, 12] is characterized by a
left-handed, antiparallel four «-helix bundle, a two-
strand antiparallel p-sheet and two disulphide
bonds. Helix A comprises residues 13-28, helix B
55-64, helix C 68-87 and helix D 103-116 (Figure
2). Helices A/D and B/C form two pairs of tightly
packed two-helix bundles with extended interhelical
buried interfaces, thus forming a hydrophobic core
in the interior of the overall four-helix bundle. The f-
sheet is formed by residues 38-43 and residues
98-102. The four cysteine residues (Cys®*/Cys®®,
Cys®®/Cys'?!) are bridged by two disulphide bonds.

The biological functions of GM-CSF are mediated
through binding to specific cell surface receptors
[14-17]. The receptor is heterodimeric, consisting of
two peptide chains, named o and f of 80 and 120
kDa, respectively. The o chain is cytokine-specific

GM-CSF

Figure 1 Anatomy of GM-CSF shown in the left handed
‘Greek key’ representation. The four helices are labelled
A-D, in the 3-sheet is indicated as two antiparallel arrows.
Dashed lines between black circles depict cystine bridges
[3].
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Figure 2 Stereo view of the X-ray structure of rhGM-CSF
[11] taken from the Brookhaven Protein Data Bank as
1CSG [13]; only monomer A of the molecule, crystallizing as
a dimer, is displayed in ribbon presentation. Cystine
bridges are indicated.

[18]. In contrast to the crystal structure of the
human growth hormone in complex with its receptor
[19], structural data for the human granulocyte-
macrophage colony-stimulating factor/receptor
complex (GM-CSF/GM-CSFR) are not yet available.
Structure-activity relationship studies revealed the
critical domains involved in the cytokine/receptor
interactions [20-31]. The GM-CSF binding site to
the receptor «-chain, i.e. the cytokine-specific
receptor chain that mediates the initial contact,
involves parts of helix D and C-terminal amino acids
(residues 110-127) [23]. The second binding site to
the receptor beta subunit is located within helix A
[28, 29]. Since helices A and D seem to be
simultaneously involved in the interaction with the
o and f receptor chains, an analogue was designed
which comprises hGM-CSF [14-32] linked through a
spacer unit to hGM-CSF [103-116]. The tripeptide
spacer Gly-Pro-Gly contains amino acid residues
known as helix-breakers and turn-inducers 32-34
which should allow the hGM-CSF analogue to retain
the relative orientation of the helix pair A/D as
determined in the four-helix bundle of natural
factor. The complete sequence of the designed
analogue is the following:

W-E-H-V-N-A-I-Q-E-A-R-R-L-L-N-L-S-R-D-G-P-G-
F-E-S-F-K-E-N-L-K-D-F-L-L-V-NH,

where the tripeptide spacer is underlined.

In the present work we describe the synthesis and
the conformational characterization of this analogue
by CD, 2D NMR and restrained molecular dynamics
simulations.
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MATERIAL AND METHODS

Peptide Synthesis

The peptide was synthesized by the solid-phase
method using a Milligen 9050 automatic synthesizer
with Fmoc/tBu chemistry and continuous flow
technology. The synthesis was performed using
0.4 g of PAL-PEG-PS resin (substitution level:
0.17 mmol/g), in order to obtain a C-terminal amide
by acidic cleavage. [PAL; 5-(4-amino-methyl-3,5-
dimethoxyphenoxy) valeric acid linker; PEG-PS:
polystyrene-supported polyoxyethylene scaffold.]
The following side-chain protections were used:
tBu for Asp, Glu, Tyr and Ser; Trt for Asn, Gln and
His; Pmc for Arg and Boc for Lys and Trp. The
following synthetic cycles were used: Fmoc depro-
tection (20% piperidine in DMF, 5 min at 12 ml/
min); DMF washing (12 min at 6 ml/min); coupling
(four-fold excess of Fmoc-amino acid, HBTU, HOBt
and NMP in DMF; recycle 20 min at 12 ml/min);
DMF washing (8 min at 6 ml/min). Cleavage from
the resin and side-chain deprotection was achieved
by treatment of the dried peptide-resin with 20 ml of
a mixture of TFA/thioanisole/ethanedithiol /water/
phenol (82.5/2.5/5/5 v/v) for 2 h at room tempera-
ture. The crude peptide was precipitated with cold
diethylether and lyophilized. Yield: 210 mg (73%,
calculated on the resin loading). The crude peptide
was analysed by HPLC on a Beckman System Gold
apparatus under the following conditions: Vydac
C18 column (0.46 x 15 cm?); eluent A, 0.1% TFA/
water; eluent B, 0.1% TFA/acetonitrile; gradient
from 5% to 65% B over 20 min; flow, 1 ml/min;
detectionl UV, 210 nm; R, 13.9 min; HPLC purity,
57% (expressed as peak height %). The main peak
was isolated by preparative HPLC, using a Vydac
C18 column (2.2 x 25 cm?); eluents A and B as
indicated above; gradient from 20% to 44% B over
120 min; flow, 8 ml/min; detectionl UV, 210 nm.
The final, purified peptide exhibited the correct
amino acid ratios of the acid hydrolysate and an
HPLC purity greater than 99%. The peptide was
further characterized by ES-MS, yielding the correct
molecular weight of 4242 DA.

CD Measurements

CD measurements were carried out on a JASCO
model J-600A spectropolarimeter. All data were
recorded and processed with a PC. A 2 nm band-
width was used, with a scan-speed of 10 nm/min
and a time constant of 4-8 s. Four to six scans were
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usually added in order to improve the signal to noise
ratio. All measurements were carried out at 25°C,
using quartz cells with path-length ranging from
0.001 to 0.1 cm. The spectra are reported in terms of
mean residue molar ellipticity [O]g (deg cm?/dmol?).
The helix content of the peptide chain was estimated
by the amplitude of the CD band at 222 nm
according to the method of Fasman et al. [35].

NMR Measurements

All NMR experiments were performed at 298 K on a
Bruker AM 400. The data were then processed on a
Bruker X-32 workstation, with UXNMR software.
The experiments were carried out at 1.6 mM peptide
in 1:1 (v/v) HoO/TFE-ds at pH 4-5 (uncorrected),
using tetramethylsilane (TMS) as an internal stan-
dard. The CD spectrum of the solution used for the
NMR studies was identical to that of the dilute
solution used for CD measurements. Two-dimen-
sional homonuclear 'H-NMR spectra were recorded
in the pure absorption mode according to the TPPI
method, with 280 experiments of 2K data points.
Prior to Fourier transformation the time domain
data were multiplied by cosine squared in the t;
dimension of all spectra, and by Gaussian window
functions in the t, dimension of TOCSY and NOESY
spectra. For DQF-COSY experiments a cosine
squared function was used in the t, dimension also.
The matrix of the data was zero-filled to
2048 x 1024 real points. Fifth order polynomial
baseline correction was performed in the ¢, dimen-
sion after Fourier transformation. To perform the
suppression of rapid pulsing artefacts appropriate
phase cycles were used in the acquisition of DQF-
COSY spectra. Two-dimensional homonuclear Hart-
mann-Hahn spectra were obtained as clean TOCSY.
The MLEV-17 spin-lock sequence was applied with
trim pulses of 2.5 ms each, using mixing times of
80 ms. The water signal was saturated by irradiation
during the relaxation delay and, for NOESY spectra,
also during the 200 ms mixing time. Inter-proton
distances were calculated from the integrated vo-
lumes of non-ambiguous cross-peaks using the
Aurelia software.

Modelling

Energy minimizations and molecular dynamics (MD)
simulations were carried out with the program
DISCOVER, version 2.80, implemented in the BIO-
SYM software package [36]. MD simulations were
performed using the Consistent Valence Force Field
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(CVFF) without cross- and Morse terms on a Silicon
Graphics personal Iris computer. The program IN-
SIGHT-II, version 2.1.2, was employed for model-
building procedures and as a graphic interface.
Standard force-field parameters for oligopeptides
were taken from the INSIGHT residue library.

After energy minimization for initial relaxation
using steepest descent for 250 iterations followed by
250 iterations of conjugate gradients minimization,
the structure was further simulated by restrained
MD at different temperaturs. Newton’s equations of
motion were numerically integrated applying the
Verlet algorithm with an integration time step of 1 fs.
The entire trajectory was updated every 1 ps, yield-
ing an ensemble of 120 distinct conformations, thus
covering a total simulation period of 120 ps. A
dielectric permittivity of 78.0 was used in order to
compensate for the problems generally associated
with an overestimate of electrostatic long-range
interactions for in vacuo simulations. The distinct
distance values derived by volume-integration and
calibration of NOE cross-peak intensities were
transferred into distance ranges by imposing a
tolerance of + 10% onto the distances. The distance
ranges were used as harmonic distance restraints
during the restrained molecular dynamics simula-
tions and subsequent energy minimizations.

RESULTS AND DISCUSSION

CD Results

The CD spectra of the GM-CSF analogue in aqueous
solution and in the presence of incresing amounts of
TFE are shown in Figure 3. In water the CD pattern
is pH-independent in the range 3.9-9.6 (data not
shown) and indicates the presence of a random
structure with a very small amount of ordered
conformation. Upon increasing the TFE content in
the solvent mixture, the CD spectrum typical of the
helical conformation is formed, converging to a
plateau at 50% TFE. Under these conditions, the
maximum helix content, estimated from the ampli-
tude of the CD band at 222 nm [35], is around 45%.
The plot of the molar ellipticity at 222 nm vs. the
percentage of TFE in the solvent mixture is sigmoi-
dal, characteristic of a cooperative conformational
transition, the half-transition point occurring at
25% TFE.

The spectra do not define a single isodichroic
point and indicate that we are not dealing with a
simple two-component equilibrium system. The
spectra recorded at TFE contents of 20% fit an
isodichroic point located slightly below 200 nm,
while the spectra recorded at lower TFE contents

26000

(©]]3

degxcm2xdmol-!

-26000 T T
194

T T T

Wavelength [nm] 250

Figure 3 CD spectra of the hGM-CSF analogue in H,O/TFE solutions at 2.5 x 10~> M concentration in a 0.1 cm cell. In the
inset, the profile of the residue molar ellipticity at 222 nm vs. TFE concentration is also shown.
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intercross at 203 nm. These features are not typical
of the coil-helix equilibrium and indicate that
additional structural elements contribute to the
optical activity.

NMR Results

Since the maximum helix content is almost reached
in the presence of 50% TFE, NMR studies were
carried out in a 1:1 water/TFE mixture at 1.6 mMm
peptide concentration. The solutions used for NMR
experiments exhibited the same CD spectrum of the
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dilute solutions used for CD measurements. The
spin systems of all amino acid residues were
identified using standard 2D experiments. As an
example, two representative portions of the NOESY
spectra are shown in Figures 4 and 5. The assign-
ment of proton resonances is reported in Table 1,
and the summary of relevant NOESY connectivities
is shown in Figure 6. Sequential and medium-range
connectivities and the deviations from the random
coil position of the C« protons (Figure 7) indicate the
presence of two helical segments corresponding to
the helical domains A and D. Most important, the

Table 1 'H Chemical Shift Values at 298 K Relative to TMS for hGM-CSF[13]31]G-P-

G[103-116]-NH, Peptide in H,O/TFE-d3

Residue NH CoH CPH CyH CsH Other H

Trp' 4.39 3.39,3.49 — - Aromatic
7.31,8.54

Glu? 8.59 4.47 1.99 2.11,2.40 - -

His® 8.59 4.72 3.27 - - -

Val* 8.91 4.16 2.15 - - -

Asnb 8.37 4.76 2.93 - - -

Ala® 8.11 4.21 1.55 - - -

Ile” 7.74 3.89 2.03 1.30 0.99 -

GIn® 8.02 4.09 2.23 2.45,2.55 - -

Glu® 8.12 4.04 2.20 2.52 - -

Ala'® 8.30 4.11 1.59 - - -

Arg!! 7.92 4.14 2.07 1.70 3.25 NHe, 7.24

Arg'? 8.25 4.03 1.99 1.73 3.22 NH,, 7.12

Leu'® 8.56 4.13 1.91 1.65 0.93 -

Leu'* 8.12 4.3 ? 0.95 -

Asn'® 8.01 4.54 2.92 - - -

Leu'® 8.03 4.27 1.95 1.71 0.94 -

Ser!” 8.15 4.02? 4.0 - - -

Arg'® 7.74 4.31 1.91 1.70 3.22 NHey 7.17

Asp'® 8.09 4.88 2.99,2.93 - - -

Gly?° 4.18 - - - -

Pro?! - 4.46 2.35 2.10,2.02 3.80,3.68

Gly?? 8.38 3.98 - - - -

Phe?3 8.12 4.59 3.29 - -

Glu?* 8.36 4.18 2.19 2.56 - -

Ser?® 8.12 4.02°? - - -

Phe? 7.98 4.42 3.27 - -

Lys2” 8.12 3.88 1.86 1.54,1.41 1.73

Glu2® 8.06 4.25 2.20 2.58 - -

Asn?® 7.99 4.62 2.82 - - -

Leu®° 8.01 4.15 1.67 1.55 0.89 -

Lys®! 7.95 4.02 1.95 1.58,1.49 1.76

Asp®? 7.98 4.51 2.83,2.98 - - -

Phe33 8.07 4.42 3.26,3.31 - -

Leu®* 8.25 4.17 0.95

Leu®® 7.91 4.33 1.91 1.83 0.98

Val®®E; 7.69 4.091 2.22 1.03 - -

© 1997 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 4 Fingerprint region of a NOESY spectrum (200 ms
mixing time) recorded at 1.6 mM peptide concentration.
Important NH-CH connectivities are indicated.

long-range cross-peak connecting L' and L3° in-
dicates that the two helical segments must be in
close proximity forming a hairpin structure.

Modelling

In order to get a better insight into the conformation
of the analogue, structural refinement was carried
out by restrained molecular dynamics simulations.
The starting structure was constructed by extracting
the relevant structural parts of the truncated hGM-
CSF derivative from the X-ray structure of the native
protein [12], retrieved from the Brookhaven Protein

" 75
o F Y

11/12

80

-85

T T T pem
ppm 85 80 75

Figure 5 Amide region of the NOESY spectrum; sequential
NH-NH connectivities are indicated.

Data Bank (entry code: ICSG) [13]. Residues A13-
A31 (‘A’ symbolizes the correspondence to monomer
A of the crystallographically determined dimeric
structure) belonging to helix A were linked by the
tripeptide spacer unit Gly-Pro-Gly to the second
segment, i.e. A103-A116 (helix D). Initially, only the
local conformation of the bridging tripeptide and the
flanking residues were relaxed in order to reduce the
internal strain caused by the manual model-build-
ing procedure. While the backbone atoms of resi-
dues A13-A30 and A104-A116 were fixed to their X-
ray coordinates, the spacer Gly-Pro-Gly together
with residues A31 and A103 (notation from the X-ray
structure) were allowed to move freely. The resulting

WEHVNAIQEARRLLNLSRDGPGFESFKENLKDFLLV
d NN, i+1) wm
deNGi+Dll .. BB .. H. B inall |
daNG,i+3) _iii i | B
N

d a N, i+4) I
d B, i+3) _ =il ||

| - |
"long range"

Figure 6 Summary of NOESY connectivities of the hGM-CFF analogue in 1:1 HyO/TFE solution at 1.6 mM peptide

concentration. Shaded areas indicate signal overlap.

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

JOURNAL OF PEPTIDE SCIENCE, VOL. 3, 323-335 (1997)



CONFORMATIONAL ANALYSIS OF AN hGM-CSF ANALOGUE 329

0.6

0.4 1

-0.6

Figure 7 Difference between experimental C® protons chemical shifts of the analogue in a 1:1 H,O/TFE solution, and typical
values for the random coil conformation, anlalysed according to the method of Pastore and Saudek [37]; cluster of five

residues.

starting structure for restrained MD is shown in
Figure 8(a). After the initial energy minimization of
the starting structure, the NMR-derived distance
restraints were introduced during the 120 ps MD
simulation by gradually up-scaling the harmonic
force constant to the target value of Kyog=
10,000 kcal/mol/A. Simultaneously, the tem-

Pro?(i+2)

(a) (v)
Figure 8 Comparison of selected structural features
within the starting structure (a) and the averaged and
minimized conformation (b). The inter-helix NMR-derived
distance restraint (Leu'>-NH/LEU®?-H"). the position of
Pro®! and atoms potentially forming the H-bond of the y;
turn (Phe?3-Glu?4-Ser?®) are indicated.

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

perature was decreased from 600 K to 300 K. In
total, 54 NOE-derived distances were introduced as
restraints. During the first part of the simulation ¢
and y dihedral angles of the helical residues were
forced to the ideal values (— 57°, — 47°) and the
peptide bonds were kept at trans configuration
(w= + 180°) applying an harmonic dihedral forcing
potential of Ky,=100.0 kcal/mol/rad?. Within the
last 30 ps of the simulation, ¢ and ¥ dihedral
restraints were removed.

The conformation obtained after averaging over
the last 30 ps of the trajectory followed by energy
minimization is shown in Figure 8(b). The backbone
conformation in the final, refined structure is
characterized by two o-helices comprising residues
Glu? to Asn'® and Phe?® to Lys®®. These two helical
segments are connected by a disordered loop region
which allows the original, antiparallel orientation of
the two helices to be maintained. The dihedral
angles of the final refined structure and of the X-
ray structure (compared to the values for the «-helix
[38] are reported in Table 2. The restraint violations
of the final structure and of the crystallographic
structure are summarized in Table 3. The average
restraint violation of the final structure was found to
be 0.41A. In total, 13 out of 52 NOE-derived
distance restraints violate the applied potential-free
distance range. A violation exceeding 0.1 A was
found for seven distance restraints, while two
distance restraints are found outside the 0.25 A
threshold; only one distance restraint deviates by
more than 0.50 A from the target value.

JOURNAL OF PEPTIDE SCIENCE, VOL. 3, 323-335 (1997)
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Table 2. Comparison of Dihedral Angles ¢ and ¢ Within the Final Refined
Structure and the X-ray Structure

Final X-ray

structure ¢ () v (©) structure ¢ [°) v [°]
Trp! - —20.18 Trp?® — 58.55 —37.34
Glu? — 64.50 —55.31 Glu?! —74.23 —29.58
His® — 75.56 —47.12 His?!® —70.20 —42.26
Val* — 58.77 —52.27 Val?1é — 68.89 —41.92
Asn® —57.27 —37.24 Asn?'” —67.20 —33.22
Ala® —69.09 —42.10 Ala®!8 —71.12 —35.97
Ile” —70.75 —42.95 IleA!® —-61.37 —45.88
GIn® —62.23 —39.72 GIn#2° —64.88 —36.71
Glu® — 68.99 —38.76 Glu®?! —73.30 —39.44
Ala'® — 57.62 —35.00 Ala??? —57.26 —49.63
Ala'! —63.23 —41.60 Argt?® —62.39 —37.65
Arg'? —62.39 —19.70 Argh?* —62.72 —60.41
Leu'® —67.91 —50.75 Leu?25 —53.51 —33.62
Leu'* —75.73 —37.49 Leu®26 —70.55 —53.63
Asn'® — 70.69 —46.91 Asn??7? —64.31 —11.66
Leu'® —79.97 —55.19 Leu®28 —91.18 7.92
Ser!” — 87.54 111.92 Ser?® —70.08 112.92
Arg'8® —132.10 105.83 Argh3° —99.96 130.60
Asp'® —103.47 106.66 Asp?3! —136.29 147.57
Gly 2° 117.95 88.69 Gly2°2 —60.28 —36.43
Pro?! —72.33 117.41 Pro2!2 —83.73 —174.47
Gly?? 132.37 —77.49 Gly**? — 83.58 —81.17
Phe?3 —70.90 — 50.55 Phe?103 — 56.97 —41.00
Glu?* — 86.64 79.01 Glu”t0* — 56.69 —26.42
Ser?® — 160.65 —66.16 Ser?10® —95.55 —25.24
Phe26 — 65.07 —43.54 Phe?106 — 55.68 —50.23
Lys?” —66.41 —46.13 Lys®107 —60.71 — 46.84
Glu?® — 58.40 —43.54 Glu”108 — 64.89 —31.18
Asn?® — 66.58 —46.32 Asn?109 —61.78 —46.92
Leu®° —60.00 —37.78 Leu?110 —59.04 —49.84
Lys>! —70.30 —43.22 Lys®!1! —64.13 —26.38
Asp®>? —27.47 —53.52 Asph!12 —69.09 —38.41
Phe32 —54.12 —40.11 Phe?118 — 63.06 — 56.03
Leu* —63.97 —32.18 Leu®!!4 — 57.09 —45.02
Leu®® — 63.84 —52.01 Leu?!1® —67.79 —0.13
Val®® —87.24 - ValAl1é —130.94 —5.73

aValues taken from starting structure.

The important inter-helix NOE-derived distance
between Leu'®-NH and Leu?®-Hy (5.08 A) deviates
from the corresponding part of the X-ray structure
by more than 7 A. This particular NOE-derived
distance accounts for a small difference in the
relative orientation of the two helices when the
NMR-derived conformation is compared to the
structure of the native template protein (Figure 9).
In fact, superposition of the two structures reveals
that helix D in the solution structure is rotationally
shifted with respect to the corresponding helix in the

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

X-ray structure of the native protein. A rotation of
about 50° (y-axis) of helix D in the crystal structure
diminishes the indicative distance Leu®?®°-NH/
Leu®!'°-Hy from original 12.17 A to 6.8 A, i.e. close
to the value found in the refined structure (Leu'®-
NH/Leu®>-Hy 5.08 A). In the starting structure Pro?!
occupies the i+ 2 position of the fI-like turn (Figure
8(a) and (b). In the NMR-derived conformation Pro?!
is shifted upstream by one position, thus occupying
the i+ 1 position of a flI-like turn. These conforma-
tions cannot be described strictly as regular f-turns,

JOURNAL OF PEPTIDE SCIENCE, VOL. 3, 323-335 (1997)
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Table 3 Restraint Violations of the Final Structure Compared with the X-ray Structure®

Final X-ray

Atom; Atom; low ~up structure Violation structure Violation
His®-NH Val*-NH 2.98 3.64 2.78 0.20 2.54 0.44
Ala*®-NH Ile’-NH 2.07 2.53 2.61 0.08 2.75 0.22
Ile”-NH GIn®-NH 2.50 3.05 2.68 - 2.59 -
Glu®-NH Ala'®-NH 2.21 2.70 2.57 - 2.66 -
Arg''-NH Arg'?-NH 2.17 2.66 2.70 0.04 2.79 0.13
Arg'2-NH Leu'3-NH 2.51 3.07 2.94 - 2.89 -
Leu'>-NH Leu'*-NH 2.58 3.15 2.66 - 2.80 -
Asn'®-NH Leu'®-NH 2.33 2.84 2.72 - 2.87 0.03
Phe?5-NH Lys2”-NH 2.41 2.94 2.63 - 2.83 -
Leu®®-NH Val®6-NH 2.60 3.18 2.80 - 2.92 -
Asn?°-NH Asn?°-H* 2.40 2.93 2.92 - 2.89 -
Arg''-NH Arg''H” 2.32 2.84 2.95 0.11 2.90 0.06
Leu®5-NH Leu®5-H* 2.60 3.18 2.95 - 2.94 -
Leu'®-NH Leu!6-H* 2.60 3.17 3.01 - 3.05 -
Asn'®-NH Asn!®-H* 2.42 2.95 2.95 - 2.92 -
Asp'®-NH Asp'®-H* 2.63 3.22 3.06 - 3.03 -
Asp2-NH Asp®2-H* 2.49 3.04 2.60 - 2.97 -
Phe®3-NH Phe33-H* 2.49 3.04 2.83 - 2.91 -
Phe?3-NH Phe?3-H* 2.64 3.23 2.94 - 2.93 -
Val*-NH Val*-H* 2.17 2.65 2.87 0.22 2.93 0.28
Leu'4-NH Leu'*-H* 2.16 2.64 2.96 0.32 2.92 0.28
Leu®°-NH Leu®°-H* 2.28 2.79 2.92 0.13 2.83 0.04
Phe?-NH Phe?5-H* 2.54 3.10 2.97 - 2.88 -
Ile”-NH Ile”-H* 2.64 3.23 2.97 - 2.94 -
Val®6-NH Val®6-H* 2.55 3.11 3.01 - 3.03 -
Arg'®-NH Arg'®-H* 2.47 3.02 3.07 0.05 3.08 0.06
Lys®!-NH Lys3!-H* 2.42 2.96 2.90 - 2.90 -
Ala'°-NH Ala'®-H* 2.27 2.78 2.85 0.07 2.88 0.10
Arg'?-NH Arg'?-H* 2.56 3.13 2.91 - 2.92 -
Leu!>-NH Leu!'®-H* 2.49 3.04 2.98 - 2.85 -
GIn®-NH GIn®-H* 2.67 3.26 2.94 - 2.88 -
Lys®’-NH Lys®’-H* 2.79 3.41 2.94 - 2.88 -
Pro!-H* Gly*2-NH 2.70 3.30 2.10 0.60 - -
Trp'-H* Glu?-NH 3.06 3.74 3.37 - 3.59 -
Phe?3-H* Glu?*-NH 2.94 3.60 3.58 - 3.54 -
Asp32-H* Phe®3-NH 3.31 4.05 3.63 - 3.57 -
Asn'®-H* Leu'®-NH 3.10 3.78 3.60 - 3.37 -
Asn®-H* Ala®-NH 3.20 3.91 3.54 - 3.56 -
Phe®®-H* Lys?’-NH 2.79 3.41 3.56 0.15 3.64 0.23
Ser?5-H* Phe?®-NH 2.88 3.52 3.61 0.09 3.55 0.03
Ala®-H* Ile”-NH 3.14 3.84 3.60 - 3.66 -
Arg'?-H* Leu!®-NH 2.91 3.55 3.46 - 3.63 0.08
Val*-H* Ile’-NH 3.22 3.93 3.72 - 3.28 -
Ile”-H* Ala'°-NH 2.91 3.55 3.46 - 3.47 -
Asp32-H* Leu®5-NH 3.17 3.88 3.72 - 3.60 -
His®-H* Ala®-H” 3.14 4.38 3.56 - 3.63 -
Ile”-H* Ala'°-H* 2.63 4.31 3.36 - 3.38 -
Ser?5-H* Glu28-H# 2.38 4.43 3.78 - 3.82 -
Phe?%-H* Asn?°-H* 3.14 4.28 3.48 - 2.83 0.31
Asn?°-H* Asp32-HF 3.40 4.56 4.23 - 3.93 -
Asp32-H* Leu®S-H? 3.14 4.28 4.08 - 3.82 -
Leu'3-NH Leu®®-H’ 3.00 5.00 5.08 0.08 12.17 7.17

ADistance values are given in A
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Table 4 Identification of Turn-like Structural Elements Within the Starting Structure and the

Final Refined Structure

Central residue(s) $i1(°) Vi) $iral®) ¥ iy2(%) Turn type
Starting structure

Starting structure

Gly?°(i+ 1) — Pro®!(i+2) —60.28 —36.43 —83.73 —174.47 pI

Final refined structure

Pro®!(i+ 1) — Gly*%(i+2) —72.33 117.41 132.37 —77.49 prras
Glu?*(i+ 1) — 86.64 79.01 piP

24, 2 does not meet the characteristical value of 0° for f-turns; no H-bonds are observed.
bThe characteristic H-bond from Phe?3-CO (i) to Ser?®-NH (i+ 2) could be detected.

because in both cases the characteristic H-bond
involving COY/NH*® is not formed, nor does o
display the required torsional state of 0°. The fII
turn formed by Gly®°(i)-Pro?! (i+1)-Gly>%(i + 2)-
Phe?3(i+3) is followed by a y; turn comprising
Phe®?(i)-Glu®*(i+1)-Ser*°(i+2). The central Glu®*
residue shows typical dihedral angles of the y; turn
type as well as the characteristic H-bond between
Phe®*(i)-CO and Ser®(i+2)-NH (Table 4). The for-
mation of the y; turn indicates that during the
simulation the disordered loop region adopts a more
structured conformation. In contrast to that effect,
the helical stretches are interrupted at Arg'? and
Asp®?, respectively. Within the second helix this
causes a slight kink with respect to the helical axis.

Barlow and Thornton [8] have observed that o-
helices in globular proteins may have a kink of 26°.
Within the hGM-CSF analogue, helix 1 shows a kink
of 22°, and helix 2 of 23° (Table 5). The central hinge
is located at position 12 (Arg'?) within helix 1 and
Asp>? within helix 2, respectively.

A further structural feature observed in coiled coil
proteins is the inter-helical crossing angle, a pseu-
do-dihedral angle between the axes of two helices

Table 5 Summary of Helix Characteristics in the
Final Refined Structure

Helical kink Crossing Closest C*/C*
angle distances (A)
Helix 1 (A): 22° 14.6° Ile”/Val®*® 5.16

Helix 2 (D): 23° Ala'®/Leu®® 5.85

Arg'!/Asp %2 5.37

Helical segments: Glu2-Arg!?, Leu'®-Asn!® (helix A); Phe?®-
Lys31, Phe®3-Leu®® (helix D)

Residues located at the inter-helix interface: His®, Val?,
Ile?, GIn®, Ala'®, Arg!!, Leu'#, Asn'®, Glu2®, Asp®2, Key>®,
Val®®

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

with a typical value of 28° in fibrous proteins [4, 7].
In globular proteins the crossover angles may vary
[39], but are usually found at 20°, or — 50° [40, 41].
In the NMR-derived structure the value of the
pseudo-dihedral angle is 14.6°, very close to the
value of 20° observed in the crystal structure of
hGM-CSF [12]. Thus, the introduction of the tripep-
tide linker does not substantially affect the interac-
tions between helices A and D observed in the native
structure. Helix-helix interactions in the refined
structure are not mainly dominated by the classical
packing of apolar residues at the helical interface
[41]. Residues in helix 1, potentially available for the
interaction with helix 2, are indicated in Figure 10.
Only 6 of the 12 residues oriented towards the
helical interface show hydrophobic characteristics

@
A) Ja N "
’ -~

@@ /\\#\\ n

s 1 \ >

() 60 ”V/ "
e ® helix 1 helix 2
) interfacial residues
B)

Figure 10 Presentation of residues oriented towards the
helix interface. (A) Relative orientation of the helical wheels
of antiparallel helix 1 (top view) and helix 2 (bottom view).
(B) Stereoview of csf avem. Only H”* atoms are shown;
interfacial residues are indicated.
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(Table 5). Short C*/C* distances are observed for
Ile” /Val®®, Ala'®/Leu®® and Arg'!/Asp>? (Table 5).
The first two pairs of amino acids show clearly
hydrophobic interactions between their side chains,
while in the third pair the side chains are not
oriented towards each other in order to form a salt
bridge. The antiparallel orientation, which is fa-
voured packing mode for «-helices in proteins [9, 42—
45], is preinduced by the artificially introduced
covalent linkage.

CONCLUSIONS

The results presented in this paper, based upon CD,
NMR and NOE-restrained molecular dynamics cal-
culations, indicate that the designed synthetic
analogue in a 1:1 TFE/water mixture assumes a
three-dimensional structure in which helices A and
D are oriented in a very similar manner as in the
crystal structure of hGM-CSF. In our previous paper
it was shown that peptide fragments corresponding
to the sequences of helices A, B, C and D of hGM-
CSF are able to fold into the helical conformation in
a 1:1 TFE /water mixture [46]. However, none of the
isolated helical fragments interacts with the receptor
system. In contrast, preliminary binding assays in
vitro indicated that the analogue investigated in the
present paper, comprising helices A and D, does
bind to the receptor. Thus, the conformation pre-
ference of the analogue in a 1:1 TFE /water mixture,
with helix packing very close to that of the native
structure, is of biological relevance. A full character-
ization of the analogue in terms of biological activity
is in progress and will be reported elsewhere.
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