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A 130-residue fragment of the Staphylococcus aureus ®bronectin-binding
protein has been found to exist in a highly unfolded conformation at neu-
tral pH. Measurement of experimental NMR 3JHNa coupling constants
provides evidence for individual residues having distinct main-chain con-
formational preferences that are dependent both on the amino acid con-
cerned and on neighbouring residues in the sequence. Analysis shows
that these variations in the populations of individual residues can be
explained in detail in terms of statistical distributions of conformational
states derived from the protein data base. In particular, when the preced-
ing residue has a b-branched or aromatic side-chain, a signi®cant increase
occurs in the population of the less sterically restricted b region of f,c
space. The results indicate that the local structure of the ®bronectin bind-
ing protein in solution, under conditions where it displays full activity,
approximates very closely to a statistical random coil structure. This may
be an important feature in the biological role of this and other polypep-
tides involved in protein±protein interactions.
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The preferences of particular sequences of amino
acids to adopt speci®c structural features is a key
element in the rationalisation and prediction of
protein structures and in the design of peptide
mimetics (Moore, 1994; Bystroff et al., 1996; Cordes
et al., 1996; Moult, 1996). A number of strategies
have been developed that attempt to de®ne and
understand which features of a given amino acid
sequence stabilise observed regions of local or glo-
bal structure. Many of these involve experimental
comparisons of closely related sequences (Regan,
1994; Baldwin, 1995) concentrating on confor-
mational preferences in a full 3D protein structure
(Horovitz et al., 1992; Blaber et al., 1993; Minor &
Kim, 1994; Smith et al., 1994) and also in peptide
fragments (Kemmink et al., 1993; Lyu et al., 1993;
Chakrabartty et al., 1994; Yao et al., 1994). Import-

ant insight has also come, however, from analysis
of the data base of known protein structures
(Richardson & Richardson, 1988; Harper & Rose,
1993; MunÄ oz et al., 1995; Ramirezalvarado et al.,
1996). b Sheet propensities have been found to be
very context dependent, the ability of a given resi-
due to interact with the surrounding b sheet ter-
tiary structure being the most signi®cant factor
(Minor & Kim, 1994). In contrast, in the case of
helical secondary structure the sequence depen-
dence in peptide fragments in the absence of ter-
tiary interactions is now suf®ciently well
characterised that by considering features such as
hydrogen bonding, charge±dipole interactions,
capping effects and side-chain to side-chain inter-
actions, as well as the intrinsic helical tendencies of
the amino acids, the helical content of peptides in
solution can be predicted with high accuracy
(MunÄ oz & Serrano, 1995).

In unfolded proteins, even in the absence of
interactions that stabilise regions of speci®c sec-
ondary structure or features such as local hydro-
phobic clusters, it has been recognised that the
polypeptide chain has distinct amino acid-depen-
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dent conformational preferences (Smith et al.,
1996a). Concentrating on the main-chain f,c tor-
sion angles, for all residue types excluding gly-
cine there is a clear preference for the a and b
regions of f,c space, but the relative populations
of these different regions differ signi®cantly
between the amino acids re¯ecting the character-
istics of the side-chains concerned (Serrano, 1995;
Swindells et al., 1995; Smith et al., 1996a). The
variations in the main-chain torsion angle f,c
populations result in experimentally observable
differences in NMR parameters such as coupling
constants, chemical shifts and NOEs for the
different types of amino acid (Serrano, 1995;
Bolin et al., 1996; Fiebig et al., 1996; Smith et al.,
1996b; Schwalbe et al., 1997).

The data base of native protein structures, as
well as giving insight into the sequence depen-
dence of structural elements, can help with our
understanding of these intrinsic f,c conformation-
al preferences. In particular, statistical analysis of
the f,c distributions of the different amino acids
in the data base can be used to predict NMR par-
ameters for a random coil. This analysis assumes
that by taking the entire data base the effects of
non-local interactions present in individual struc-
tures will be averaged out, the remaining differ-
ences between the amino acids re¯ecting their
intrinsic conformational preferences (Fiebig et al.,
1996; Smith et al., 1996a). We have reported good
correlations between experimental NMR data for
denatured proteins and short unstructured pep-
tides and parameters predicted using this data
base model (Bolin et al., 1996; Fiebig et al., 1996;
Smith et al., 1996b; Schwalbe et al., 1997). This
approach provides a basis for analysing the confor-
mational properties of unfolded polypeptide
chains.

Here we report results from studies of a func-
tionally active but unfolded protein, and use a
data base analysis as a framework for interpreting
the experimental data. The protein studied is a
130-residue fragment of the ®bronectin-binding
protein from Staphylococcus aureus (variant FnBPC;
Burnham et al., 1994), the sequence consisting of
three homologous segments (D1, D2, D3) and a
shorter terminal segment (D4) (SignaÈs et al., 1989).
We have investigated, using NMR techniques, both
a fragment containing all four segments (D1-D4)
and also a shorter 77 residue fragment with the
sequence of the second and third segments (D2-
D3). The recombinant polypeptides were over-
expressed in Escherichia coli and also prepared in
uniformly 15N-labelled form by this route. Further
details of the preparation and characterisation of
the fragments will be presented elsewhere.

Previous CD studies of D1-D4 have indicated
that this protein is unfolded rather than globular
under physiological conditions, but it is biologically
active and appears to adopt a predominantly
extended conformation on binding to ®bronectin
fragments (House-Pompeo et al., 1996). The
unfolded nature of D1-D4 is clearly con®rmed by
the NMR spectrum shown in Figure 1, recorded for
the protein in aqueous solution at pH 6 and 5�C,
which resembles that observed for many proteins
under strongly denaturing conditions. Indeed there
is a close similarity between the experimental spec-
trum and that simulated using chemical shift data
for short unstructured peptides (Merutka et al.,
1995; Wishart et al., 1995; Figure 1). The unfolded
nature of D1-D4 gives rise to very high resolution
spectra enabling accurate measurement of NMR
parameters. The residue-speci®c NMR data for D1-
D4, including chemical shifts, coupling constants
and NOEs, re¯ect the absence of secondary struc-

Figure 1. 1D 1H NMR spectrum
(recorded at 750 MHz) of S. aureus
®bronectin-binding protein D1-D4
at pH 6.0 and 5�C with a protein
concentration of approximately
1.5 mM. A spectrum simulated for
the D1-D4 sequence using chemical
shift data for short unstructured
peptides (Merutka et al., 1995;
Wishart et al., 1995) is shown above
the experimental spectrum.
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ture and the predominantly unfolded nature of this
protein. For example, both aH-NH and NH-
NH(i,i � 1) NOEs are observed for the majority of
residues together with a considerable number of
aH-NH(i,i � 2) NOEs that are typical of a random
coil (Fiebig et al., 1996; Smith et al., 1996a), but there
are few longer-range NOEs indicative of non-local
structural preferences (C. J. Penkett, K. M. Fiebig,
L. J. Smith, C. Red®eld, R. A. G. Smith & C. M.
Dobson, unpublished results).

An NMR parameter that can be rigorously ana-
lysed in terms of conformational preferences is the
3JHNa coupling constant, which has a main-chain f
torsion angle dependency (Karplus, 1959). These
3JHNa coupling constants were measured here for
D1-D4 by an HMQC-J experiment (Kay & Bax,
1990) using an 15N-labelled sample. The coupling
constants for D1-D4 vary signi®cantly along the
polypeptide chain (Figure 2(a)), the mean exper-
imental residue speci®c values varying from 6.4 to
7.5 Hz (a summary of the data is available in sup-
plementary material). The highest values are seen
for valine, isoleucine and threonine and the lowest
values for glutamic acid, leucine and lysine. Good
agreement is observed when the values are com-
pared with those predicted for the different types
of amino acids in a random coil from the distri-
butions of f torsion angles in the protein data base
using the Karplus relationship (Serrano, 1995;
Smith et al., 1996b; Figure 2(b); correlation coef®-
cient, 0.83; RMSD, 0.25 Hz). The only signi®cant
deviations for individual residues are seen for
Lys53 and Thr130. The low experimental coupling
constant for Lys53 (5.3 Hz) may re¯ect an inter-
action between charged side-chains in this section
of the sequence favouring the population of a con-
formers while the high coupling constant observed
for Thr130 (8.5 Hz) presumably results from its
close proximity to the charged C terminus.

More detailed analysis of the experimental coup-
ling constants has, however, been possible because
of the high accuracy of these data for D1-D4 and
this has revealed additional structural correlations.
In particular, superimposed on the overall amino
acid-dependent differences in the 3JHNa coupling
constants, more subtle sequence-dependent vari-
ations have been identi®ed. The close similarity of
the sequences of the D1-D4 segments (47 to 84%
identity between the sequences of D1, D2 and D3;
D4 is shorter in length but has 53% identity with
the ®rst 15 residues of D1), together with the
measurements of 3JHNa coupling constants in the

Figure 2. (a) Experimental 3JHNa coupling constants
for D1-D4 (sequence GQNSGNQSFEEDTEEDKPKYEQ-
GGNIVDIDFDSVPQIHGQNKGDQSFEEDTEKDKPKYE-
HGGNIIDIDFDSVPHIHGFNKHTEIIEEDTNKDKPNYQ-
FGGHNSVDFEEDTLPQVSGHNEGQQTIEEDTTT). The
data for isoleucine, threonine and valine residues are
indicated by squares, the data for histidine, phenyl-
alanine and tyrosine residues by triangles, and the data
for asparagine, aspartate, glutamate, glutamine, leucine,
lysine and serine residues by circles; a ®lled symbol is
used when the preceding (i ÿ 1) residue is one with a
b-branched or aromatic side-chain (FHITVWY) and an
open symbol is used for all other types of preceding
residue. (b) Comparison of mean experimental 3JHNa

coupling constants for each residue type in D1-D4 and
D2-D3 with 3JHNa coupling constant values predicted for
a random coil from the residue speci®c f,c distributions
in the protein data base (ALL model; Smith et al.,
1996b). The 1H and 15N resonances in the spectra of
D1-D4 were assigned using a combination of 3D
NOESY-HSQC, 3D HSQC-NOESY-HSQC and 3D
TOCSY-HSQC experiments (Kay et al., 1989; Marion
et al., 1989; Driscoll et al., 1990; Frenkiel et al., 1990;
Ikura et al., 1990); details of the assignments and the
procedures used will be published separately. The coup-
ling constants for D1-D4, and also for the 77-residue
fragment D2-D3, were measured using HMQC-J exper-
iments (Kay & Bax, 1990) recorded on a home-built
spectrometer, with GE/Omega software and digital con-
trol equipment, which operates at 750.1 MHz for 1H and
76.0 MHz for 15N. To give good quality spectra each
experiment was run over two days with a recycle delay
of 1.5 seconds. Sweep widths of 6757 Hz and 1337 Hz
were used in the 1H and 15N dimensions, respectively.
The data sets comprised 512 complex t1 increments of
1 K complex data points giving recorded digital resol-
utions of 2.6 and 6.6 Hz/complex points in t1 and t2,

respectively. The data matrices were subsequently zero
®lled to 2K � 2K points. The coupling constants were
extracted from individual cross-sections using home-
written software, which optimises the coupling constant
and line-width for each doublet component (Red®eld
et al., 1991). The error in the coupling constant measure-
ments is estimated to be approximately �0.2 Hz, from
comparison of the values measured for D1-D4 and
D2-D3.
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D2-D3 fragment (sequence of only D2 and D3),
enables both the consistency of the coupling con-
stant measurements and the features of these
sequence-dependent variations to be con®rmed.

Examination of the data in Figure 2(a) reveals a
sequence-dependent effect that can explain much
of the subtle variation in coupling constants
observed for D1-D4; namely that the values of
coupling constants are increased signi®cantly
when the preceding residue (i ÿ 1) is one with a
b-branched or aromatic side-chain. For example,
for the 16 glutamate residues in D1-D4 whose
coupling constants could be measured nine of
them, those having a phenylalanine, threonine or
tyrosine residue in position (i ÿ 1), have coupling
constants in the range 6.2 to 7.0 Hz (mean 6.6 Hz)
while the other seven, which have an asparagine
or glutamate residue in position (i ÿ 1), have coup-
ling constants in the range 5.7 to 6.3 Hz (mean
5.9 Hz). Similarly, for the ®ve valine residues, the
one with isoleucine preceding it has a higher coup-
ling constant (7.8 Hz) than the four with glutamine
or serine residues in position (i ÿ 1) (7.3 to 7.4 Hz).
Similar sequence-dependent variations are seen for
other residue types.

Previous predictions of NMR parameters for a
random coil from the protein data base model con-
sider that the f,c populations are dependent on
amino acid type but not on sequence (Smith et al.,
1996a). Although this is found experimentally to be
a good ®rst-order approximation for describing the
conformational properties of an unfolded polypep-
tide chain, we explore here the in¯uence of neigh-
bouring residues in the sequence on the intrinsic
f,c preferences and, in particular, investigate
whether the protein data base can provide an
appropriate model for the second-order effects dis-
cussed above. The effects of the preceding (i ÿ 1)
residue on the f,c populations of the different
types of amino acid in the protein data base have
therefore been analysed. As the occurrence of some
pairs of amino acids in the data base is limited, the
residues have been divided into two classes to
improve the statistics of the analysis, namely those
with a b-branched or aromatic side-chain (L) and
all other residue types (S) (except glycine, which
has been excluded from this analysis due to its
different conformational properties). For each
amino acid two f,c distributions have been
extracted from the data base, one where the pre-
ceding residue is of type L and the other where the
preceding residue is of type S. Variations are seen
between the residue speci®c f,c distributions with
the two classes of preceding residues; an increased
population (by 12% on average) of the extended b
strand region of f,c space (b region; Swindells
et al., 1995) is seen when the preceding residue is
of type L compared with type S for all amino acids
(Figure 3(a)). The only exception is cysteine where
the two populations are very similar; this anomaly
presumably re¯ects in some way the effects of dis-
ulphide bridges on the conformational properties
of the main-chain.

From the data base f,c distributions 3JHNa coup-
ling constants have been predicted using the Kar-
plus relationship; the increased b population when
residue (i ÿ 1) is one with an aromatic or
b-branched side-chain results in larger values for
the predicted 3JHNa coupling constants (by 0.4 Hz
on average). For example, the predicted b popu-
lations and 3JHNa coupling constants for isoleucine
are 52% and 7.6 Hz when the preceding residues is
of type L compared to 38% and 7.0 Hz when the
preceding residue is of type S (Figure 3(b); a full list-
ing of the predicted f,c populations and coupling
constants is available in supplementary material).
Although in this comparison we are using all the
residues of a given type in the data base, an alterna-
tive is to use only ``coil'' residues, i.e. those residues
that are not in regions of recognised secondary
structure (Smith et al., 1996b). Here there are poor
statistics for certain amino acids in the data base but
the same trends are observed, although the effects
are smaller in magnitude; an 8% increase in b popu-
lation is seen on average with a preceding residue
of type L compared to type S.

Figure 4(a) shows the result of the comparison of
the coupling constants calculated from the protein
data base f,c distributions taking into account the
two types of preceding (i ÿ 1) residue and mean
experimental 3JHNa values for D1-D4. An excellent
correlation (correlation coef®cient 0.92; RMSD,
0.22 Hz) is observed and this is further illustrated
by the comparison of experimental and predicted
coupling constants for two representative parts of
the D1-D4 sequence, residues 9 to 22 and 104 to 119,
in Figure 4(b) and (c). The only signi®cant devi-
ations are observed for glutamine residues pre-
ceded by a residue of type S. The reason for these
deviations is not clear, but it probably in part
re¯ects the fact that for two of the glutamine resi-
dues the preceding residue in the sequence is a pro-
line. The excellent correlation overall, however,
shows that the extended protein data base model
used here can clearly provide an appropriate
description of at least the key features of the confor-
mational properties of the D1-D4 main-chain, and
indicates that much of the sequence-dependent
coupling constant variation observed experimen-
tally re¯ects second-order effects modulating the
intrinsic conformational preferences of individual
amino acids.

The previously recognised amino acid-depen-
dent variations in f,c populations for residues in a
random coil can be rationalised in terms of the
steric properties and hydrogen bonding character-
istics of the amino acid side-chains concerned
(Swindells et al., 1995; Smith et al., 1996b). The
second-order effects reported here, where these
intrinsic f,c preferences are affected by the charac-
teristics of the preceding residue in the sequence,
are most likely to arise predominantly from steric
effects. Extended b conformations have reduced
steric strain compared to a conformations and so
would be expected to be favoured when the pre-
ceding residue has a bulky b-branched or aromatic
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side-chain (Swindells et al., 1995), as is observed. It
can be expected that other second-order effects
dependent upon neighbouring residues in the
sequence, such as interactions involving charged
side-chains, may also play a role in certain
sequences. Additional high-resolution NMR stu-
dies and analysis of a wide range of parameters
may enable recognition of such effects. For coup-
ling constants, use of the J-modulated constant
time HMQC approach to enable very accurate
3JHNa coupling constant values to be obtained
(Kuboniwa et al., 1994), the measurements of
further coupling constants that probe the f torsion
angle (e.g. 3JHNC 0 and 3JHNCb ; Wang & Bax, 1996)
and the determination of coupling constants such
as 3JNiHa(i ÿ 1),

3JHaHb and 3JHbC 0 (Eggenberger et al.,
1992; Seip et al., 1994), which probe the popu-
lations about c or w1 torsion angles, will be of par-
ticular importance. In the case of chemical shifts it
is interesting to note that 15N chemical shifts in
short unstructured peptides have been shown to
have a dependence on the characteristics of the
preceding (i ÿ 1) residue (Braun et al., 1994). The

largest effects are seen when isoleucine, valine or
threonine is in position (i ÿ 1), the presence of
these residues with b-branched side-chains giving
increased down®eld shifts of the 15N resonances;
the increased b population proposed on the basis
of the results for D1-D4 would be expected to give
rise to such shifts (Wishart et al., 1991).

The analysis reported here has importance with
regard to our understanding of both unfolded and
folded protein structures. In the case of unfolded
proteins the results extend the detail to which we
can describe their conformational properties. In
particular, in the absence of any non-local inter-
actions that stabilise regions of persistent structure,
the f,c population of a given residue re¯ects the
characteristics of the amino acid concerned but
with a subtle dependency on adjacent amino acids
in the sequence. Experimental analyses of unfolded
proteins by NMR techniques, as in the case of
D1-D4, therefore enable us to observe sequence-
dependent intrinsic main-chain conformational pre-
ferences and start to understand their origins. This
also has signi®cance for our understanding of the

Figure 3. Populations of the
extended b strand region (b region
as de®ned by Swindells et al.
(1995)) of f,c space in the data
base of protein structures (a) and
predicted 3JHNa coupling constants
for a random coil (b) for the differ-
ent types of amino acid. The popu-
lations and coupling constants
when the amino acid concerned is
preceded by a b-branched or aro-
matic side-chain (L; one of
FHITVWY) are shown by a ®lled
symbol and the population and
coupling constants when the pre-
ceding residue is of any other resi-
due type excluding G (S) are
shown by an open symbol. The
amino acids are ordered according
to their b population when the pre-
ceding residue is of type S; the one
letter amino acid codes are shown
on the x-axis scale (Gly and Pro are
excluded due to their unusual con-
formational properties). A data
base of 85 high-resolution crystal
structures was used in this work.
All the structures have a resolution
of 2.0 AÊ or less and an R factor of
0.20 or less; a listing of their Pro-
tein Data Bank codes is given by
Swindells et al. (1995). 3JHNa coup-
ling constants were calculated from
f angles in the data base using the
Karplus (1959) relationship with
the parameters given by Pardi et al.
(1984):

3JHNa � 6:4 cos2�fÿ 60�� ÿ 1:4 cos�fÿ 60�� � 1:9

It is assumed that interconversion between conformers in an unstructured state is fast on the NMR time scale. Pre-
dicted 3JHNa coupling constants were therefore calculated as mean values weighted according to the populations of
each individual f,c conformation in the protein data base (Smith et al., 1996b).
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determinants of globular protein structures as it
provides increased insight into the relationship
between the sequences and three-dimensional folds
of proteins. Of particular interest from the second-
order effects identi®ed here is the fact that, even in
the absence of any non-local interactions, certain
amino acid sequences can be found to have an
enhanced propensity for adopting a or b secondary
structure over that expected from their amino acid
composition. This is of relevance to protein struc-
ture prediction procedures, many of which use as

a basis the data base of known protein structures,
taking the statistical distributions within the data
base to give information about structural propensi-
ties (Barton, 1995).

In the case of D1-D4, the results described here
allow us to conclude that the local structure of the
polypeptide chain is well described by a random
coil model in which the populations of different
regions of conformational space for residues in the
sequence is determined to a high degree by the
local steric and hydrogen bonding factors associ-
ated with individual residues and their next near-
est neighbours in the sequence. Considering the
random coil nature of this protein, it is of particu-
lar interest that D1-D4 is also biologically active. It
has signi®cant af®nity for ®bronectin and its frag-
ments, when these proteins are bound to solid sur-
faces, and it also antagonises the binding of S.
aureus strains expressing ®bronectin-binding pro-
tein (FnBPA) to surfaces coated with ®bronectin.
The latter property suggests a possible utility for
this class of polypeptide in preventing colonisation
of indwelling devices by bacteria whose adherence
to foreign surfaces is ®bronectin-mediated
(Burnham et al., 1994; I. A. Critchley, K. May, G.
Gardiner, D. L. McBay, I. Dodd & G. Smith,
unpublished results). Similar unfolded but biologi-
cally active states have been reported for other
®bronectin-binding MSCRAMMs (microbial sur-
face components recognising adhesive matrix mol-
ecules) on the basis of CD studies (House-Pompeo
et al., 1996).

The unfolded nature of the D1-D4 polypeptide
chain may be important in enabling highly speci®c
but reversible binding, the conformational entropy
loss on binding increasing speci®city for a given
binding af®nity (Searle et al., 1992; Dobson, 1993;
Spolar & Record, 1994; Kriwacki et al., 1996). The
existence of the biologically relevant conformation
only when a protein is bound may also identify a
strategy for evasion of the immune system by bac-
teria (House-Pompeo et al., 1996). If the adhesion
process is critical to bacterial colonisation, it would
be advantageous to evolve proteins for that func-
tion whose lack of conformational de®nition either
made them intrinsically poor immunogens or
resulted in non-neutralising anti-peptide anti-
bodies. It is signi®cant that a number of proteins
that are involved in protein±protein interactions
have been recognised to be biologically active but
have essentially unfolded conformations. These
include microtubule-associated protein (HernaÂndez
et al., 1986), tau protein (Schweers et al., 1994),
prothymosin a (Gast et al., 1995), the cyclin-depen-
dent kinase inhibitor p21Waf1/Cip1/Sdi1 (Kriwacki
et al., 1996) and the non-Ab component of Alzhei-
mer's disease amyloid plaque precursor (NACP;
Weinreb et al., 1996). Increased understanding of
the properties of unfolded polypeptides using
approaches such as the one described here could
therefore be of considerable signi®cance in the con-
text of understanding the relationship between
sequence and biological function.

Figure 4. (a) Comparison of mean experimental
3JHNa coupling constants for each residue type in D1-D4
and D2-D3, considering whether the preceding residue
is of type L (one of FHITVWY; ®lled symbols) or of
type S (all other residue types excluding G; open sym-
bols) with 3JHNa coupling constant values predicted
taking into account the two classes of preceding residue
from the f,c distributions in the protein data base (ALL
model). (b) and (c) Comparison of experimental
3JHNa coupling constants (®lled symbols) for residues 9
to 22 and 104 to 119 of D1-D4 and predicted values
(open symbols) taking into account whether the preced-
ing residue is of type L or of type S. Residues for which
there is no experimental value or no prediction from the
data base are not shown (D16, P18, P112, G116, H117).
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