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Albolabrin is a naturally occurring peptide from snake venom containing the sequence Arg-GlyAsp (RGD). It inhibits platelet aggregation by blocking the binding of fibrinogen to the glycoprotein
Gp IIb-IIIa, on the surface of activated platelets. Albolabrin consists of 73 residues with six intramolecular disulphide bonds. The 'H-NMR spectrum of albolabrin has been assigned using homonuclear two-dimensional techniques and its secondary structure determined. Like kistrin and echistatin, two related peptides from snake venom, albolabrin appears to have little regular secondary
structure in solution. Several bends and two short distorted p sheets are observed. The RGD sequence, important for binding to the receptor, lies in a mobile loop joining two strands of one of
these p sheets. This loop undergoes a pH-dependent conformational change.

RGD-containing cysteine-rich peptides isolated from
snake venoms recently have been shown to be potent inhibitors of the binding of fibrinogen to activated platelets and
hence of platelet aggregation (Dennis et al., 1990; Gould et
al., 1990). The Arg-Gly-Asp (RGD) sequence has been found
to be the consensus sequence by which adhesive proteins
such as fibrinogen, fibronectin, vitronectin and von Willebrand factor recognise the glycoprotein Gp IIb-IIIa complex,
which is the major receptor for fibrinogen on activated platelets (Ruoslahti and Pierschbacher, 1987). Small synthetic
peptides which contain the RGD sequence compete with fibrinogen in binding to Gp IIb-IIIa and so have been studied
as potential antithrombotic agents (Plow et al., 1985, 1987;
Gartner and Bennett, 1985; Samanen et al., 1991). The RGD
sequence is also involved in the binding of adhesive proteins
to other cell surface integrins, such as a& in fibroblasts and
a$, in endothelial cells. The strength of inhibition of platelet
aggregation by the snake venom disintegrins is much higher
than that of the small synthetic peptides, and they show
greater selectivity for integrins. This may be due to the precise conformation of the RGD peptide, to the amino acids
adjacent to the consensus sequence or to the tertiary structure
of the disintegrin. In order to understand the specificity of
various RGD-containing peptides, and the molecular mechanisms by which these ligands bind to the integrins, it is necessary first to examine their structures in solution.
A large number of disintegrins have now been sequenced
(Huang et al., 1989; Gould et al., 1990; Williams et al.,
1990b; Scarborough et al., 1993). They fall into three famiCorrespondence to E. I. Hyde, School of Biochemistry, University of Birmingham, Edgbaston, Birmingham, England B15 2TT
Abbreviations. DQF-COSY, double-quantum-filtered correlation
spectroscopy; MLEV 17, isotropic mixing sequence based on a sequence described by M. Levitt ; NOESY, nuclear Overhauser enhancement spectroscopy ; TOCSY, total correlation spectroscopy ;
TPPI, time-proportional phase incrementation.

lies : the long 83 84-residue peptides with 14 Cys residues,
the medium 68-73-residue peptides with 12 Cys, and the
short 48 -49-residue aminoacid peptides with 8 Cys. The
sequences of the peptides are highly similar and, within a
family, the positions of the RGD sequence and of the Cys are
conserved. The Cys are all disulphide-bonded and reduction
results in decrease of biological activity (Huang et a]., 1987;
Gan et al., 1988; Williams, 1992). Despite this conservation,
the disulphide-bonding pattern for kistrin and flavoridin appears to differ from that of albolabrin, although all are medium-length peptides (Calvete et al., 1991, 1992; Adler et al.,
1993; Klaus et a]., 1993) and that of echistatin, a short peptide, differs again (Cooke et al., 1992; Calvete et al., 1992).
This surprising difference has made the identity of the disulphide bridges within the disintegrins controversial. The structures of three disintegrins, kistrin, echistatin, and flavoridin,
have been determined by NMR spectroscopy (Adler et a].,
1991 ; Adler and Wagner, 1992; Cooke et al., 1991, 1992;
Chen et al., 1991; Dalvit et al., 1991 ; Saudek et al., 1991a, b;
Senn and Klaus, 1993). In this paper we present the assignments of the 'H-NMR spectrum and the secondary structure
of albolabrin.
~

MATERIALS AND METHODS
Peptide isolation
Albolabrin was isolated from the venom of the viper Trimerusurus albolabris, purchased from Latoxan (France). It
was purified by reverse-phase high-pressure liquid chromatography using a modification of the method of Williams et
al. (1990b). 100 mg of whole lyophilised venom protein was
dissolved in 0.5 ml 0.1% trifluoroacetic acid, left for 10 min
on ice, and microfuged for 2 min to remove any insoluble
material. The supernatant was adsorbed onto a preparative,
22x250 mm, wide-pore 10-pm C,, silica reverse-phase col-
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umn (Vydac 218TP) and eluted with a gradient of 0.1%
trifluoroacetic acid containing 0- 16% acetonitrile (1.6%
min-') followed by 16-35% acetonitrile (0.45% min-.'). The
fractions were freeze-dried, dissolved in H,O and assayed for
the inhibition of ADP-induced platelet aggregation. Active
fractions were pooled, trifluoroacetic acid was added to
0.1%, and the pool was repurified on an analytical,
4x250 mm, 5 pm C,/C,, column (Pharmacia) with a similar
gradient. If necessary, further analytical columns were run
under similar conditions. Albolabrin eluted at 28% acetonitrile with an overall yield of 0.3 -0.4%. Purified albolabrin
was characterised by its IC,, in the platelet aggregation
assay. Platelet-rich plasma was prepared and platelet aggregation assays performed as described by Williams et al.
(1990a, b).

Sedimentation equilibrium
These studies were performed with a model E analytical
ultracentrifuge (Beckmann Instruments Co.) equipped with
Rayleigh interference optics. All experiments were performed using an An-D rotor and a 12-mm double-sector capillary synthetic-boundary cell fitted with sapphire windows.
The long-column meniscus-depletion equilibrium method
was used as described by Chervenka (1970). Equilibrium was
established by ascertaining that no further fringe displacement occurred with time. The Rayleigh patterns were photographed on Kodak type II-G spectroscopic plates. The fringe
displacement cf, as a function of radial distance ( r ) was measured with a Nikon two-dimensional microcomparator. All
fringe displacements greater than 100 pm were included in
the least-squares analysis. The mass-average molecular mass
(M,) for the whole solution was then calculated from the
equation :
M,,, = 2X10-3[RT/w2(l -vp)J . dlnfl?
where R is the gas constant (in J . K-' . mol-'), o is the
angular velocity (rad . s-'), v is the partial specific volume
of the protein, p is the density of the solvent, f is the fringe
displacement and r is the distance from the centre of rotation
(in m).
The concentration of albolabrin in the solution, was
determined from the total fringe shift across the boundary
(Babul and Stellwagen, 1969). A solution of albolabrin at
3 mg . ml-' in water at pH 5 , 298 K, was used for these
measurements. The density of water was assumed to be
1.0 g . ml-' and a v of 0.7 g-' . ml was calculated from the
amino acid composition (Cohn and Edsall, 1943). Initially a
speed of 52600 rpm was used and equilibrium was attained
in 6-8 h. The speed was subsequently increased to
55 993 rpm and photographs taken after a further 14 h centrifugation.

NMR samples
Samples for NMR were prepared by dissolving lyophilised albolabrin in 100% D,O or in 90% H,0/10% D,O to a
concentration of under 2 mM. NMR experiments were carried out at several pH values between 4.5-7.0 and temperatures between 295-310 K. Above 310 K many of the amide
proton resonances disappeared, whereas below 295 K
spectral overlap and broadening of the resonances made their
assignment difficult. The pH values were adjusted using
small volumes of acid or base.
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Fig. 1. NH-aliphatic region of the TOCSY spectrum of albolabrin dissolved in 90% H,0/10% D,O, pH 4.5, 310 K. The spinlock mixing time was 65 ms. Selected connectivities from amide
protons to side-chain protons are indicated by straight lines. The
connectivities from the arginine NeH to the side chains are boxed.

NMR spectra were recorded on a Bruker AMX-500
spectrometer. All spectra were recorded with presaturation
of the solvent resonance for 1.5 s. Two-dimensional doublequantum-filtered correlation spectroscopy (DQF-COSY;
Piatini et al., 1982; Shaka and Freeman, 1983; Rance et al.,
1983), nuclear Overhauser spectroscopy (NOESY ; Jeener et
al., 1979; Kumar et al., 1980) and total correlation spectroscopy (TOCSY; Braunschweiler and Ernst, 1983) experiments were performed in phase-sensitive mode, using the
time-proportional phase incrementation (TPPI) method for
quadrature detection in fi (Marion and Wuthrich, 1983). The
mixing times in the NOESY and the TOCSY experiments
ranged over 100-200 ms and 40-60 ms. The spin-lock period in the TOCSY was achieved using the MLEV-17 pulse
sequence (Bax and Davis, 1985) with a spin-lock field of
8 kHz. Typically, 2 K complex data points were acquired for
each of 400-500 increments over a spectral width of
5500 Hz. The data were zero-filled in theh dimension to 1 K
points and in the& dimension to 2 K points prior to Fourier
transformation. Spectra were processed on a Bruker X-32
computer using UXNMR software with shifted-sine-bell
window functions and baseline correction in both dimensions. The 'JHNHa
coupling constants were estimated from the
separation of cross-peak components in a DFQ-COSY
spectrum with a digital resolution of 0.63 Hz/point. All the
chemical shifts were referenced to the methyl resonance of
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Fig. 2. NWCaH ‘fingerprint’ region of the NOESY spectrum of albolabrin dissolved in 90% H,0/10% D,O, p.H 4.5, 310 K. The
mixing time was 150 ms. The sequential connectivities between residues C34-Q37 and D56-N60, including the unique Tyr at 58, are
shown in solid lines. These residues form strands of j? sheet. Intraresidual NOEs are indicated by numbers while sequential NOEs are
).
long-range NH-CaH connectivities across the strands of these sheets are shown with dotted lines and labelled
indicated by a cross (IAll
with an asterisk (*). The aN (i,i+2) NOE between Ile46 and Arg48 is shown with two crosses (tt).

trimethylsilylpropionate at 0 ppm, added as an internal reference.
To determine which of the amide protons exchanged very
slowly, 10mM sodium phosphate buffer was added to the
sample in H,O and its pH was adjusted to 6.5. The sample
was freeze-dried, redissolved in D,O, and one-dimensional
spectra were recorded after 5 min and after 30 min. To assign
the amide resonances, two-dimensional TOCSY spectra were
recorded over 3-4 h and overnight.

RESULTS AND DISCUSSION
Ultracentrifugation experiments
The first step in the study of the peptide was the determination of its molecular mass. Albolabrin has a large number
of acidic residues with a calculated PI of 4.6 and migrates
anomalously in SDSRAGE. It was therefore important to
determine whether it was monomeric or dimeric in solution.
Equilibrium ultracentifugation was used to determine the
molecular mass under NMR solution conditions. At
52600rpm, a molecular mass of 8400Da was determined
while at 55993 rpm the molecular mass was calculated to be
8300Da. The subunit mass calculated from the amino acid
composition is 7648.3 Da. At neither speed was there any
indication of dimerisation of the peptide; thus all the NOEs
observed in the NMR studies are intramolecular.

Assignment of the NMR spectra
Assignment of the ’H-NMR specrum was achieved using
the conventional strategy of first identifying the individual
amino acid spin systems using COSY and TOCSY, establishing connectivities between neighbouring residues by NOESY
and matching these connecting segments to the known protein sequence (Wuthrich, 1986).

The spin systems of the individual amino acids were assigned by comparison of the TOCSY spectra with DFQCOSY spectra in both H,O and D,O (Fig. 1). The spin systems of the 9 Gly and 18 methyl-containing residues (8 Ala,
1 Met, 5 Leu, 2 Ile and 2 Thr) were unambiguously assigned
by this method. The Arg residues were identified by cross
peaks arising from the NEH and the side-chain protons in the
TOCSY spectra (Fig. 1, boxed cross peaks). The aromatic
protons of His, Tyr and Phe were assigned from the TOCSY
spectra and their Ca and Cp protons assigned from their
NOEs to the aromatic protons. The Cp protons of the three
Asn residues were identified by NOESY cross peaks to the
side-chain NH protons. The three Ser residues were differentiated from Asp and Cys residues from the characteristic
downfield shifts of their Cp protons. Problems arose in differentiating Cys from Asp residues and Glu from Gln residues, which were eventually resolved by sequential assignments by NOESY.

Sequential assignments
The unique spin systems, His72, Tyr58, Phe40 and
Met41, provided starting points for the sequence-specific assignments of the remaining resonances. This was achieved
by comparing the COSY or TOCSY spectra in H,O with the
NOESY spectra and identifying NOESY crosspeaks between
a or p proton resonances and amide proton resonances
(Fig. 2). These were confirmed as sequential NOEs by checking that the spin systems matched those expected from the
protein sequence. These sequence-specific assignments were
further corroborated by NN (i,i+l) NOEs arising from 6070% of the residues in the peptide. For the Xaa-Pro bonds,
only ad(i,i+ 1) connectivities were observed, without any aa
connectivities showing that the peptide bonds are all trans.
No NOEs were observed between Cys side chains and so
neither the pattern nor the conformation of the disulphide

Table 1. 'H-NMR chemical shifts of albolabrin, pH 4.5, 310 K. Chemical shifts are accurate to 0.02 ppm. When only one shift is given
for geminal protons, the shift for the other was not determined.
Residue

Ala2
GIy3
Glu4
Asp5
Cys6
Asp7
Cys8
Gly9
SerlO
Pro1 1
Ah12
Asnl3
Pro14
Cysl5
Cysl6
Asp1 7
Ala18
Alal9
Thr20
cys21
Lys22
Leu23
Leu24
Pro25
Gly26
Ala27
Gln28
cys29
Gly30
Glu31
Gly32
Leu33
cys34
cys35
Asp36
Gin37
Cys38
Ser39
Phe40
Met41
Lys42
Lys43
Gly44
Thr45
Ile46
cys47
Arg48
Arg49
AIa50
Arg5 1
Gly52
Asp53
Asp54
Leu55
Asp56
Asp57
Tyr58
cys59
Am60
Gly61
Ile62
Ser63
Ala64
Gly65
Cys66
Pro67
Arg68
Asn69
Pro70
Leu71
His72
Ala73
*

At 300 K ;

Chemical shift of
NH

Ha

HP

8.76
8.39
8.11
8.48
8.05
8.68
6.98
9.29
7.55

4.35
4.01, 3.95
4.38
4.63
4.83
4.74
4.78
3.98, 3.75
5.11
4.56
4.29
4.74
4.63
4.64
5.01
4.47
4.08
4.33
4.43
4.68 *
4.96
4.31
4.36
4.32
4.14, 3.67
4.49
4.02
4.47
4.42, 3.50
4.73
4.81, 3.82
4.24
5.39
5.19
4.89
3.93
4.88
4.92
5.02
4.27
4.10
3.80
4.36, 3.41
4.15
3.99
5.05
4.32
4.47
4.17
4.41
4.02, 3.80
4.71
4.64
4.45
4.60
5.05
5.30
4.79
4.88
4.30
4.20
4.01
4.28
4.38, 3.60
5.45
4.34
4.14
4.78
4.47
4.27
4.62
4.13

1.42

7.83
7.36
-

8.71
7.35
8.14
8.92
8.55
7.64
8.54 *
7.70
9.00
8.18
-

8.53
7.84
8.48
7.73
9.06
7.76
8.32
8.68
8.44
7.62
9.46
9.22
8.49
7.95
8.40
8.77
8.32
8.85
8.62
7.66
8.95
9.13
7.45
8.53
8.78
8.43
8.48
8.26
8.07
8.05
8.02
8.25
8.58
9.37
9.74
8.46
7.67
6.92
8.86
7.72
8.51
-

8.23
8.91
-

8.27
7.96
8.14

1.62, 1.95
2.66, 2.79
2.60, 3.34
2.62, 2.69
2.91, 3.15
3.73, 3.98
2.01, 2.42
1.34
2.76, 3.07

HY

others

2.08, 2.32

2.01

3.90, 3.92 (Hd)
4.06, 3.87 (H6)

2.51, 3.16
2.82, 2.92
2.46, 3.18
1.52
1.50
4.33
3.70
1.66
1.44, 1.50
1.44
2.31

1.13

1.56
1.27, 0.44 '
3.09, 3.21

2.0, 2.3

1.86, 2.16

2.30

1.66
2.73, 3.79
2.50, 2.99
2.65, 2.77
2.03, 2.17
3.34, 3.71
3.70, 3.83
2.70, 3.00
2.03, 2.32
1.64

1.88

3.74
1.72
3.02
1.46, 1.66 '
1.66
1.24
1.76
2.81, 2.81
2.80, 280
1.41, 1.51
2.30, 2.46
2.39, 2.95
2.58, 2.66
3.92, 2.54
2.84, 3.32
2.00
3.69, 3.80
1.80
2.94, 2.62
1.90, 2.20
1.56
2.76, 3.26
2.35
1.68
3.26, 3.28
1.36

1.62
1.29
~

2.99 (Hc), 1.49, 1.93
0.59, 0.46 (Med)
0.90, 0.84 ( M d )
3.85 (Hd)
7.57, 6.85 (6NH)

1.03, 1.02 ( M d )

2.23, 2.41 "

2.67
1.33

7.21 (2,6H) 6.99 (4H). 6.98 (3,5H)
2.14 (HE)
3.01 (HE), 1.7 (H6)
2.94 (His), 1.6, 1.89, 1.74

1.38
1.73, 0.98

0.77 (Me),), 0.89 ( M d )

1.85, 1.86
1.66, 1.81

3.27 (H6) 7.24 (NH)
3.20 (Ha) 7.27 (NH)

1.64, 1.86 '

3.21 (Hd) 7.20 (NH)

1.56

0.81, 0.76 ( M d )
6.92 (2,6H) 6.75 (3,SH)
6.61, 7.62 (yNH)

0.79, 0.59

0.78 (Mey), 0.94 (MwS)

2.03
1.66h

3.91, 3.78 (H6)
3.15 (Ha) 3.15 (He)
7.15, 8.20 (NH)
3.94, 3.83 (H6)
0.92, 0.85 ( M d )
8.20 (2H), 7.50 (4H)

2.02
1.58

Tentative assignment, for the longer side chains it was not possible to distinguish between some of the side-chain protons.
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Fig. 3. Summary of the sequential and medium-range NOE connectivies, together with the coupling constants and exchange rates
of the amide protons. The thickness of the lines indicate the strength of the observed NOEs. ( 0 )Slowly exchanging NH protons, present
in the two-dimensional spectrum after several hours in D,O; (@) the temperature coefficient of the shift of NH Drotons is below 3 Dob/K:
(*) the NH proton shifts b y 0.04 ppm or more over the pH range 5 -- 7 ; ( f ) 'JHNHm
below 6.5 Hz; ( X ) 'JHNH,ove; 8 Hz.
I .

bonds could be determined from the NMR spectra. Table 1
shows the assignment of the spectra.

Secondary structure
Few long-range NOEs were observed and only a few of
the backbone coupling constants differed from those of random-coil sequence, suggesting that albolabrin contains only
short sections of regular secondary structure. Fig. 3 shows
the observed medium-range NOEs and backbone coupling
constants, together with the slowly exchanging amide protons. The patterns of NOEs, coupling constants and exchange
rates suggest that there are three turns and two segments of
P sheet in the molecule, but none show all the features expected of classical secondary structure. This may be due to
the disulphide bonding distorting these elements.
Residues 10-13 form the first observed turn. The strong
NN connectivity between Ala12 and Asnl3, 6a connectivity
between Proll and Ala12, and the low-temperature coefficient of the shift of the amide proton of Ala12 are consistent
with a type I1 P turn, with Proll at the second position of
the turn; however, the 'J,,,, coupling constant of Ala12 is
similar to random coil. Residues 25-31 show a series of
aN(i,i+2) connectivities. Residues 26, 28 and 30 also give
NN(i,i+l) NOEs, and several of the residues have slowly
exchanging amide protons and low temperature coefficients
of the shifts. No i,i+3 NOEs are observed, so this pattern is
not due to a helical structure.
The presence of long-range aN NOEs, large '.IH,,, values, downfield shifted CaH resonances, and slowly exchanging NH protons suggests that there are two short sections of
two-stranded antiparallel P sheet. One, extemely short, links
residues 34, 35 and 36 with residues 40 and 41. The crossstrand NH-CaH NOEs observed are shown in Fig. 2. An additional NOE is observed between Asp36 NH and Ser39 NH;
residues 37-39 therefore form a tight reverse turn. This turn
does not show the NOEs expected from either a type I or
a type I1 turn and has 3JHNHc,
values of 9.2 Hz and 8.5 Hz,
respectively, for residues 37 and 38. The other P sheet links
residues 43-50 with 56-61 (Figs2 and 4C, D). All the
cross-strand NH-CaH NOEs observed for this sheet are
shown in Fig. 2. In addition, there is an NOE between
Ile46 CaH and Tyr.58 CaH. There is a bulge at residues 46-

48 indicated by an aN(i,i+2) connectivity between Ile46 and
Arg48, also shown in Fig. 2, and the coupling constants of
residues 46, 48 and 49 are small for an extended conformation (Fig. 3), thus this sheet is distorted. At residue 61 there
is a turn bringing the C-terminal tail close to the P sheet. One
NOE, between the amide protons of residues Asn60 and
Ile62, is observed together with a longer-range NOE between
Am69 NH and either Asp57 or Cys47 CaH, which overlap.
Residues 69-72 form a final turn, with Pro70 as residue 2.
This is close to a type I1 P turn.
The RGD recognition site lies at residues 51 -53, in the
loop between the strands of the second P sheet lying at residues 50-56. At the end of the p sheet there is an NOE
between Ala50 NH and Asp56 CaH (Fig. 4C) and in the loop
the only medium-range NOEs are between Ala50 PCH, and
both Asp54 CuH and Asp56 CaH (Fig.4A, B), a weaker
NOE is observed between Ah50 PCH, and Leu55 CaH
which may be due to spin diffusion from the Leu55 NH.
Weak NN(i,i+ 1) connectivities are observed in this loop and
the '.THNH, values range between 6.8-8.0 Hz, suggesting
that the loop is mobile and that the turn is transient in
nature.

pH dependence
On raising the pH from 5.0 to 7.0 most of the amide
proton resonances decrease in intensity, as would be expected
from increased exchange with the solvent. A few of the amide protons shift downfield, the largest changes in shift being
observed for Gly9 NH (0.08 ppm), Ala19 NH (0.15 ppm) and
Ala50 NH (0.20 ppm) downfield (Figs 3 and 4C, D). The
large downfield change in shift of Ala50 NH is combined
with a 0.05-ppm downfield shift for Leu55 NH and a 0.05ppm upfield shift of Ala50 CaH. No additional NOEs were
observed in the spectrum at pH 7.0, but the NOE between
Ala50 NH and Asp56 CaH, at the top of the loop, was no
longer observed (cf. Fig. 4C, D). There was no weakening
of other NOEs from either resonance, e.g. the NOE between
Ala50 NH and Ala50 PCH, (Fig. 4C, D), or between Ala50
PCH, and Asp56 CaH (Fig. 4A, B), showing that the loss of
the NOE is not due to broadening of the peaks. This suggests
that the neck of the RGD loop may move apart at neutral
pH. This, together with the other downfield shifts observed,
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Fig.4. pH dependence of the NOE between Ala50 NH and Asp56 CaH. (A) Section of the NOESY spectrum of albolabrin in H,O,
pH 5.0, 300 K, recorded with mixing time 150 ms, showing the NOE between Ala50 PCH, at 1.22 ppm and Asp54 CaH, Leu55 CaH and
Asp56 CaH resonances. (B) Equivalent region of the NOESY spectrum of albolabrin at pH 7.0, recorded with mixing time 150 ms, showing
the same connectivities. (C) Section of the NOESY spectrum of albolabrin in H,O, pH 5.0, 300 K, recorded with mixing time 150 ms,
showing the NOEs from AIa50 NH to Ala50 PCH,, Asp56 CaH, Arg49 CaH and Arg49 CpH resonances at 8.95 ppm. Lys43 NH also
resonates at this position and its NOEs to Lys42 CaH, Lys43 C m and across the strand to Gly61 CaH are also marked. Gly30 NH resonates
at 9.16 ppm and its NOEs to Gly30 CaH and Cys29 C,&I are marked. (D) Section of the NOESY spectrum of albolabrin in H,O, pH 7.0,
300 K, recorded with mixing time 150 ms, showing the NOES from Ala50 NH to Ala50 PCH,, Ala50 CaH and Arg49 CaH at 9.14 ppm.
This now overlaps with the Gly30 NH resonance and its NOEs and those of Lys43 NH are also marked.

may be influenced by ionisation of neighbouring Asp residues over this pH range. The only change in shift observed
for these over this pH range is a small 0.04-ppm upfield shift
of one of the p protons of Asp.56.

Comparison with kistrin and echistatin
Albolabrin is highly similar to both kistrin and echistatin
(Fig. 5). The N-terminal amino acids 6-40 show only five
amino acids changes from kistrin, while residues 44-70 dif-

fer in only six amino acids from echistatin. The secondary
structure of echistatin has been determined independently by
four groups (Saudek et al., 1991b; Cooke et al., 1991 ; Dalvit
et al., 1991 ; Chen et al., 1991) and two have subsequently
reported its tertiary structure (Saudek et a1.,1991a; Cooke et
al.,l992). The secondary and tertiary structures of kistrin
have been reported by Wagner and coworkers in two papers
(Adler et al., 1991 ; Adler and Wagner, 1992). The main features described by the four groups for echistatin are in broad
agreement with some slight differences in nomenclature,
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Fig. 5. Amino-acid sequence and disulphide-bonding comparison between the disintegrins echistatin, kistrin and albolabrin. The
sequences of these peptides were determined by Dennis et al. (1990), Can et al. (1988) and Williams et al. (1990b). The disulphide-bonding
pattern is taken from Calvete et al. (1992), Adler and Wagner (1993) and Calvete et al. (1991).

possibly because the features do not correspond exactly to
regular secondary structure. These structural elements also
agree with the features observed in the C-terminal portion of
kistrin, although in the latter it is stressed that the NOEs
observed are not consistent with classical secondary structure. The elements of secondary structure observed in albolabrin for the residues 38-73 are similar to those reported for
echistatin and for kistrin.
Like these two other disintegrins, albolabrin appears to
have a very mobile structure primarily constrained by the
disulphide-bonding. The NMR data obtained gives no independent evidence for the disulphide bonding pattern in albolabrin. All the observed NOEs are consistent with the disulphide bonding determined by Calvete et al. (1991). However,
in this family of proteins, the energy differences and rootmean-square deviations of structures calculated from NOES
for alternative disulphide-bonding patterns are small (Adler
et al., 1993; Cooke et al., 1992; Klaus et al., 1993), so other
disulphide patterns cannot be excluded from the NMR data.
The N-terminal 20 amino acids of albolabrin give no NOES
to the remainder of the molecule, suggesting that they move
independently of the core of the protein. This is consistent
with the existence of the shorter disintegrins with similar
potency, such as echistatin. It contrasts with the NOES observed in kistrin between Cysl3 and Cys36, defining a cystine bridge between them.
The first bend observed in albolabrin at residues SerlOAsnl3, corresponds to that between Ser8-Asnll in kistrin,
but in the latter a second bend between Asnll -Cysl4 is also
observed. The short section of p sheet at residues 34-43 in
albolabrin correspond to residues 8- 14 in echistatin where
there is a turn and some authors report a short B sheet here.
In kistrin, these turns and possible p sheet occur a few residues earlier, at Gly30-Cys33 and Glu34-Lys37.
All groups suggest that the RGD sequence is in the loop
of a segment of irregular /lsheet. In kistrin, the j? sheet was
proposed to run between 41-47 and 52-59 but contradictory NOES were seen and the last long-range backbonebackbone NOE shown is between residues 46 and 55, equivalent to residues 48 and 57 in albolabrin (Adler et al., 1991 ;
Adler and Wagner, 1992). In echistatin, the j? sheet and P
bulge links residues 16-20 with 30-33 so the loop is between 21 -30; again equivalent to 48-57 in albolabrin (Dalvit et al., 1991; Chen et a]., 1991; Cooke et al., 1991, 1992;
Saudek et al., 1991a, b). The NOE at the end of the stem of
the sheet between Cys20 NH and Tyr31 CaH, observed in
all the studies of echistatin, is equivalent to that between
Cys47 NH and Tyr58 CaH in albolabrin (Fig. 2). However,
in albolabrin, at low pH, we also observe a backbone-back-

bone NOE between Ala50 NH and Asp56 CaH (Fig. 4C).
This NOE is not observed in the other disintegrins and extends the sheet further towards the RGD sequence than in
the other disintegrins.
Within the loop in echistatin, Chen et al. (1991) and
Cooke et al. (1991) have reported changes in the shifts of
Ala23 resonances with pH in echistatin, together with other
smaller effects on shifts, equivalent to the change in shift
of Ala50 seen in albolabrin. Different groups report NOEs
between Ala23 PCH, and Asp27, Met28 and Asp29 (Dalvit
et al., 1991 ; Cooke et al., 1991 ; Saudek et al., 1991b), the
exact NOEs varying slightly. These are similar to the NOEs
observed between Ala50 PCH, and Asp54 CaH, Leu55 CaH,
and Asp56 CaH in albolabrin (Fig. 4A, B). Thus it seems
that the loop conformation in echistatin and albolabrin may
be similar at high pH.
There appears to be a turn after the p sheet in echistatin,
whereas in kistrin the conformation of the residues after the
sheet is described as a broad loop and the C-terminal residues
are ill defined.

CONCLUSION
The 'H-NMR spectrum of albolabrin has been assigned
and an outline of its secondary structure discussed. The Cterminal part of the molecule appears to have a similar local
structure to echistatin and kistrin. Calculations of the tertiary
structure of albolabrin are now under way to define better
the secondary structure elements observed and, as far as possible, the overall structure. The additional NOE observed in
the RGD region may allow better definition of this loop in
albolabrin than in the other disintegrins.
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