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Recent advances in protein engineering have come from
creating multi-functional chimeric proteins containing
modules from various proteins. These modules are typically
joined via an oligopeptide linker, the correct design
of which is crucial for the desired function of the chimeric
protein. Here we analyse the properties of naturally
occurring inter-domain linkers with the aim to design
linkers for domain fusion. Two main types of linker were
identified; helical and non-helical. Helical linkers are
thought to act as rigid spacers separating two domains.
Non-helical linkers are rich in prolines, which also leads
to structural rigidity and isolation of the linker from
the attached domains. This means that both linker types are
likely to act as a scaffold to prevent unfavourable inter-
actions between folding domains. Based on these results
we have constructed a linker database intended for the
rational design of linkers for domain fusion, which can be
accessed via the Internet at http://mathbio.nimr.mrc.ac.uk.
Keywords: domain/linker/module/peptide/proline

Introduction

Many cellular processes involve proteins with multiple
domains. The modular nature of proteins has many advantages,
providing increased stability and new cooperative functions.
Other advantages include the protection of intermediates within
inter-domain clefts that may otherwise be unstable in aqueous
environments and the fixed stoichiometric ratio of enzymatic
activity necessary for a sequential set of reactions (Ostermeier
and Benkovic, 2000). It is not surprising then that advances in
protein engineering have come from creating multi-functional
chimeric proteins containing modules from various proteins
(e.g. Nixon et al., 1997).

Recent studies have shown that domain linkers can play
an essential role in maintaining cooperative inter-domain
interactions (for a review see Gokhale and Khosla, 2000). An
example is the intramolecular interaction between the Src
homology domains (SH2 and SH3) and the catalytic domains
of Src family kinases, which results in repression of catalytic
activity. Repression by the regulatory domain is nullified upon
mutation of Trp260 to Ala within the linker separating the
SH2 and kinase domain, which proves that the linker plays a
crucial role in the coupling of the regulatory domains to the
catalytic domain (LaFevre-Bernt er al., 1998; Briggs and
Smithgall, 1999). Another example is polyketide synthase, for
which it was shown that the ‘assembly line’ catalysis observed
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in consecutive domains is reliant on having appropriate linkers
between the domains of this protein (Gokhale et al., 1999). In
yet another example, Ikebe er al. (Ikebe et al., 1998) demon-
strated that deletion of four amino acids from the linker
connecting two sub-domains of phosphorylated smooth-muscle
myosin leads to the termination of its actin translocating
activity: Not only is the composition of this linker important,
but so is its length. In general, altering the length of linkers
connecting domains has been shown to affect protein stability,
folding rates and domain—domain orientation (van Leeuwen
et al., 1997; Robinson and Sauer, 1998).

Some previous studies have identified particular types
of linker. For example, Q-linkers occur at the boundaries of
functionally distinct domains in a variety of bacterial regulatory
and sensory transduction proteins, including the nitrogen
regulatory proteins NtrB, NtrC, NifA and NifL (Wootton and
Drummond, 1989). Q-linkers are between 15 and 20 residues
in length and are not strongly conserved in sequence in
otherwise homologous proteins. They have a preference for
Gln, Arg, Glu, Ser and Pro residues and adopt a coil structure.
Insertion of amino acids within the Q-linker sequence of NtrC
and NifA was found to have no effect on their function
(Wootton and Drummond, 1989). However, when NtrC was
expressed as two separate polypeptides consisting of the
domains normally joined by the Q-linker, the construct failed
to function. In this case the linker anchors the domains together.

Many studies of linker peptides in various protein families
have come to the conclusion that linkers lack regular secondary
structure, they display varying degrees of flexibility to match
their particular biological purpose and are rich in Ala, Pro and
charged residues (Packman and Perham, 1987; Radford et al.,
1989; Argos, 1990; Perham, 1991; Russell and Guest, 1991;
Robinson and Sauer, 1998; Dieckmann er al., 1999). Argos
(Argos, 1990) carried out a statistical study of natural linkers
with the aim to design independent linkers for gene fusion
that would have a low likelihood of disrupting the folding of
the flanking domains. He constructed a set of 51 linkers from
visual inspection of 32 proteins. The amino acids Thr, Ser,
Pro and Asp were found to be desirable linker constituents.
The author concluded that the preferred linker amino acids are
mostly hydrophilic, often polar and usually small. The majority,
59%, of the linker residues were in coil or bend structures
with a mean length of 6.5 residues, but an average flexibility
when compared to other protein regions. It was suggested that
pentapeptides consisting of only Gly, Ser and Thr would make
the best linkers for gene fusion; as these residues were most
strongly preferred within natural linkers. Differing structures
pointed to the importance of the amino acid order to achieve
an extended and conformationally stable oligopeptide
(Argos, 1990).

The analysis by Argos is now slightly outdated since the
protein data set used was small and linker delineation had
been performed manually. In addition to a much larger data
set, we have developed an automated method to extract inter-
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domain linkers from a data set of proteins of known 3D
structure. We have analysed the amino acids’ propensities in
linkers and examined the preferred order of residues within
linkers. We have also devised a linker database, which can be
used as a starting point to engineer domain fusion.

Methods
Protein data set

We used the non-redundant protein set available from the
National Centre for Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih.gov/Structure/VAST) as our primary data-
base (Matsuo and Bryant, 1999). This set is derived from an
all-against-all BLAST comparison of all proteins of known
structure. The proteins in this set have been grouped into
similar sequences using single linkage clustering based on
BLAST P-values <1077. Chains within a group are ranked
according to completeness and resolution of their structures,
leading to 2101 protein representatives (Matsuo and Bryant,
1999). Proteins containing membrane-spanning regions were
manually removed from the NCBI set.

Domain assignment in the final set of 1867 proteins was
achieved using the automatic method of Taylor (Taylor,
1999) which determines domains by their compactness in
space. The method first assigns to each residue in the protein
structure a numeric label. Initially, the sequence residue
numbers are taken as labels, which are then iteratively changed
based on the respective residue neighbourhoods. If a residue
is surrounded by neighbours (within a given radius r) with,
on average, a higher label than the central residue, its label is
increased by one; otherwise it is decreased by one. This test
and reassignment is made repeatedly to each residue in the
protein, which results in compact regions evolving towards
the same residue number. Upon convergence, the final domain
boundaries are then assigned between such compact regions.
From the obtained domain boundaries the associated linker
regions were delineated as discussed in the next section.

Determining the linker region

For each protein, linker regions were determined by branching
out from the domain boundaries assigned by the Taylor
algorithm. Linker assignment ended when the branches became
buried within the core of a domain or when a branch accumu-
lated a length of 40 residues. Therefore, a maximum of 80
residues was allowed for any one linker, although none of the
linkers in our set reached this limit.

The structural environments (core or exposed) for the amino
acids in each of the isolated domains were determined by
calculating residue solvent accessibility using DSSP (Kabsch
and Sander, 1983). All solvent accessibilities were normalized
using the estimated maximum values derived by Chothia
(Chothia, 1976). Residues were classified as being within the
core of a domain if they had a normalized solvent accessibility
below 20%, otherwise they were deemed ‘exposed’ and classed
as surface residues. Any linker that grew to within 15 residues
of another linker or 15 residues from the N- or C-termini of
its respective protein was discarded.

Assigning linkers to sets

The linkers were arbitrarily divided into several sets based on
their length; small (less than six residues), medium (between
six and 14 residues) and large (greater than 14 residues). The
linkers where also classified by the number of linkers involved
in connecting two domains; 1-linker (i.e. one linker connecting
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continuous domains), 2-linker, 3-linker and >3-linker sets.
Analysis of linker conformation indicated that the linkers
would be best split into two general types: helical and non-
helical. Linkers with over 33% of their residues in helical
structures as annotated by DSSP (Kabsch and Sander, 1983)
are classified as helical, otherwise as non-helical. For composi-
tional comparison of the linkers, further sequence sets were
generated based on secondary structural units within the NCBI
proteins. These sequence sets were divided into helical, strand
and loops connecting secondary structure as defined by DSSP.

Calculating amino acid propensity

Linker propensities of individual residues and residue pairs
were calculated for the extracted linkers. The single amino
acid propensities were determined from the ratio of their
occurrence in the linker set compared to its occurrence in the
full protein set:

o Nr,-gl/ZiNriJ

o = (1)
NV,-’,/Zl-er-J

where Pa is the propensity for amino acid i, Nr;; and Nr;, are
the number of amino acid type i in the linker set (/) and in
the full protein set (¢), respectively. XNr;; and XNr;, are the
total number of amino acids in the linker set and in the full
protein set, respectively. Amino acid pair propensities were
calculated following the weighted method described by Crasto
and Feng (Crasto and Feng, 2001) in their analysis of loops
connecting secondary structure:

Pa + Pb y [Npap 1/ [ZiNpgiy + ZiNpip,]
2 [Npap A/ [ZiNpgis + ZiNpip ]

Pab = 2)
where Pab is the residue pair propensity to be found for a
given dipeptide ab. Pa and Pb are the individual propensities
as calculated in equation (1) for residues a and b, respectively.
Npgp,and Npgp ¢ are the number of occurrences of the residue
pair (ab) in linkers (/) and in the full protein set (7), respectively.
ZiNpyi; and Z;Npy,; represent the occurrence of residue pairs
ai and ib in the linkers, respectively, while Z;Np,; , and Z;Np;,,
represent the number of residue pairs ai and ib in the full
protein set, respectively. Linker preferences were calculated
for all (20X20) residue pairs.

Results and discussion

From a data set of 638 multidomain protein chains, 1280
linkers were extracted, totalling 12 776 residues. Linkers are
found to have an average length of 10.0 = 5.8 residues (Figure
1). The linkers were split into several sets as described in
Methods; small, medium and large linkers have an average
length of 4.5 = 0.7, 9.1 = 2.4 and 21.0 £ 7.6, respectively.
The non-helical and helical linker sets both have length
distributions similar to the full set. The number of residues
differs between linker groups with varying connectivity; the
lengths for the 1-linker, 2-linker, 3-linker and >3-linker sets
(based on the number of linkers involved in connecting two
domains) decrease in their average number of residues as the
number of connections increases, 11.4 = 7.0, 9.5 = 4.5,
8.7 4.1 and 8.2 = 3.9, respectively. This suggests that
in proteins with discontinuous domains the relative domain
movement is not only restricted as a result of multiple linkers
but also from tighter links.

Linker residues are shown to be partially buried with an
average normalized solvent accessibility of 26.7% compared
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Fig. 1. Linker length distribution.
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Fig. 2. Linker C,-extent (residual translation) calculated by dividing the
distance between two terminal C,, atoms with the number of residues minus
one.

to 45.6% when the flanking domains are separated. Therefore,
the relative burial of linkers after domain formation is 41.5%.
Small linkers have a low average normalized solvent accessi-
bility of 14.4% compared to 26.3% for medium sized linkers
and 42.5% for large linkers. The larger the linker the more
exposed it will be. The linker sets based on the number of
linkers involved in connecting two domains, 1-linker, 2-linker,
3-linker and >3-linker, decrease in their average normalized
solvent accessibility as the number of connections increases,
21.1, 19.0,16.8 and 13.8%, respectively.

Linker conformation

The C,, extent (or residual translation) of a linker is calculated
by dividing the distance between two terminal C, atoms with
the number of residues minus one (Figure 2). The average C,,
distance is 2.04 *+ 0.76 A per residue. Figure 2 shows that
the distribution can be split into two, based on peaks at 1.5 A
and another at 3 A, corresponding to helical and fully extended
conformations, respectively.

Residues in helices are subject to steric constraints; their
torsion angles are restricted to a smaller region of the
Ramachandran plot. A helical linker might well be important
in correct domain folding, acting as a rigid spacer to separate
two domains. Some helical conformations may rapidly form
during folding (Aurora et al., 1997), allowing the domains to

An analysis of protein domain linkers

fold independently without forming non-native interactions
with the linker. Although the conformation of extended linkers
would not appear to promote rigidity, there are compositional
effects that correspond to this (see later).

Overall, the largest proportion of linker residues, 38.3%,
adopt the o-helical secondary structure, 13.6% are in
B-strands, 8.4% are in turns and the rest, 37.6%, are in coil
or bend secondary structures. The helical proportion we find
is markedly different to the observations made by Argos,
where only 13% of linker residues adopted a helical conforma-
tion (Argos, 1990).

The residues in small linkers mainly comprise 3-strand and
coil secondary structures, 33.6 and 36.9%, respectively, only
21.0% are helical and the remainder, 8.5%, are in turns.
Medium sized linkers have more residues in helical and coil
secondary structures, 43.1 and 34.2%, respectively, while only
13.0% are found in B-strands, the remainder, 9.7%, are in
turns. Large linkers are mainly in helical and coil secondary
structures, 31.4 and 45.4%, respectively, while only 10.4% are
found in B-strands, the remainder, 12.8%, are in turns. Short
linkers are most distinct due to their relatively high B-strand
and low o-helical content. Secondary structure type is not
seen to deviate between the sets with varying number of
linkers between two domains.

Hydrophobicity and domain separation

We analysed the average residue hydrophobicity for the linkers
using FEisenberg’s normalized consensus residue hydro-
phobicity scale, which ranges from O (hydrophilic) to 1
(hydrophobic) (Eisenberg, 1984). Overall, average hydro-
phobicity for linkers is 0.65 * 0.09. Small linkers show an
average hydrophobicity of 0.69 * 0.11, while large linkers
are more hydrophilic with 0.62 * 0.08. The more exposed the
linker, the more likely it is to contain hydrophilic residues.
Longer linkers are independent and may allow larger domain
motions. Both helical and non-helical linkers have average
hydrophobicities similar to the full set.

Hydrophobicity does not deviate much from the mean
when considering the number of linkers connecting domains,
although >2-linkers are slightly more hydrophobic. However,
the average number of residues differs between linker groups
with varying connectivity; as the number of connections
increases the average number of residues decrease (see above).
Also, the average distance measured in angstroms (/0\) between
linker N-termini and C-termini C, residues decreases
significantly, 17.6 = 10.3, 156 * 6.0, 143 *= 55 and
13.8 *= 4.9, respectively. More linker connections between
two domains means greater hydrophobicity, less distance and
tighter interaction between domains, such that domain—domain
movement is likely to be severely restrained.

Amino acid propensity for linkers

The preferred linker amino acids observed in the majority of
the linker sets are Pro, Arg, Phe, Thr, Glu and Gln, in order
of decreasing preference (Table I). Previous studies highlighted
Ala to be a desirable linker constituent (see Introduction),
surprisingly our study shows Ala to be undesirable in linkers.
Although Ala does have a high occurrence in our set of linkers,
it also has the highest overall frequency of occurrence in
proteins and shows no linker preference. Argos (Argos, 1990)
found Thr, Ser, Pro, Asp, Gly, Lys, Gln, Asn and Ala (in order
of decreasing preference) to be the preferred residues in linkers,
but it should be noted that Ala was only slightly preferred in
the Argos study. Pro is the most preferred of the linker residues
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Table I. Linker propensities

All__ 1-linker _

Small Helical Non-helical

Medium

1.077
Thr 1.017 . 1.018
His 1.014
Tyr 1
Ala 0.964
Val 0.955
Ser 0.947 0.932 0.956 0.984 1.087 0.911 0.986 0.886 1.003
Asn 0.944 0.988 0.902 =ik ! 0.927 0.956
Lys 0.944 0.946 0.952 1.008 0.893
Ile 0.922 0.928 0.986 0.912 0.946
Asp 0.916 0.892 0.857 0.919 0.906
Trp 0.895 0.879 0.971 0.981 0.852
Gly 0.835 0.845 0.892 0.698 0.978
Cys 0.778 0.972  0.6856 0.662 0.896

Propensities >1.1 are highlighted.

in our data set. It is likely to be favoured because it has no
amide hydrogen to donate in hydrogen bonding and therefore,
structurally isolates the linker from the domains.

Table I shows the general linker amino acid preferences as
well as those for the other classes. Medium sized linkers show
preferences similar to those of the entire set. The long linkers
have an increased propensity for Cys, Asn and GlIn, and a
decreased preference for the hydrophobic amino acid Met.
The short linkers show increased propensities for hydro-
phobic residues and decreased propensities for polar and acidic
residues. As for the general hydrophobic tendency, the linker
groups according to the number of linkers connecting two
domains do not show significant differences in amino acid
propensities.

The amino acid propensities for helical and non-helical
linker sets are shown in Table I. The non-helical set consists
of 51% of all linkers and shows the highest propensity for Pro
residues, 1.81. High preferences are also shown for Thr, Phe,
His and Arg. Having many Pro residues will cause a high
degree of stiffness in the linker, which could be a requirement
for the correct folding of two domains, as in the case of
helical linkers by their inherently stiffer conformation. This is
confirmed by the observed composition in helical linkers,
which show a preference for Leu, Arg, Asp, Met and GlIn. Pro
is avoided in the helical set, with a propensity of only 0.80.
These values generally correspond to the o-helical propensities
described by Chou and Fasman (Chou and Fasman, 1974),
although Arg, Gln and Pro show an increased propensity in
the helical linkers and Ala, Glu, Met and Val show a decrease
in propensity. A disruption in the normal pattern of hydrogen
bonding and conformational constraints on the helix will allow
larger torsion angle changes and such disruptions can be caused
by proline residues. Out of the linkers that are fully helical,
8.2% (15/184) contain a central proline, compared to under
2% for helices in general and therefore allowing the possibility
for a hinge mechanism within these linkers.
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Linkers versus loops and secondary structure

To compare our linker observations, a database of protein
loops connecting secondary structures, as assigned using DSSP
(Kabsch and Sander, 1983), was generated from the NCBI
protein set. Using this database we found that the composition
of inter-domain linkers is distinct from intra-domain loops
connecting secondary structures with an amino acid propensity
correlation coefficient of 0.07. Residues Pro, Gly, Asp, Asn,
His, Ser and Thr (in order of preference) are preferred in loop
regions. In contrast, Gly, Asp, Asn and Ser are the least
preferred within linkers, while His and Thr have no preference.
Proline shows a high preference in both linker and loop sets,
but will play a different role in each. A proline residue within
a loop is likely to be involved in a tight proline turn, whereas
only few proline turns were observed in our linker set.

All intra-domain residues that adopt an o-helical and
B-strand structure were also extracted from the NCBI protein
set and used to compare the composition of the helical and
non-helical linker sets. The helical linkers have an amino acid
composition similar to the internal helices taken from the
protein set, with a high correlation coefficient of 0.85. The
non-helical linkers have a composition most like coil
structures, but with a lower correlation coefficient of 0.54. In
agreement with the deviating amino acid composition and
the above observation for proline, non-helical linkers have had
to adapt more to their linker role in order to attach the
relative independence and stiffness inherent in their helical
counterparts.

x> comparison of linker sets

A 7y test was used to analyse the significance of trends of the
amino acid linker composition between the various linker sets
(Table IT). The sets representing linkers by the number required
to connect two domains have no significant compositional
differences tested at the 0.1% significance level and therefore
suggest that there are no additional amino acid requirements
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Table IL y? test between linker sets

a-helical
b-strand

All  1-linker 2-linker  3-linker Small Medium Long  Helical Non-helical
All X
1-linker 8.2 X
2-linker 10.1 19.6 X
3-linker 11.2 16.6 15.6
Small 37.1 37 35.1 35.8 X
Medium 8.5 219 9.7 6.8 39.6 X
Long
Helical

Null hypothesis: two compared sets have similar amino acid composition. Shaded cells identify pairs of sets
that are significantly different, measured at the 0.1% significance level.

that define the number of linkers connecting two domains. As
the number of linkers connecting domains increases, the
composition of the corresponding linkers becomes more like
that found in the general non-redundant protein set, which
implies that these linkers become more like inter-domain
segments.

The composition of small linkers is not significantly different
to that in the non-redundant NCBI protein set at the 0.1%
significance level. Small and medium linkers have a similar
composition, which differs from long linkers. However, both
medium and long linkers have significantly different composi-
tions compared to the NCBI protein set. Also, the helical and
non-helical linker compositions are very different from each
other and consequently from the linkers as a whole. Although
the composition of helical linkers was found to correlate most
with internal helices derived from the protein set, the x? test
shows a significant difference between them. These observa-
tions suggest that a successful method to predict linker location
in a sequence, as a method of domain delineation, must take
account of linker type. At the very least, predictions must be
made separately for helical and non-helical groups. Also, it is
likely that small linkers would be very difficult to identify
given their overall similarity to residues in the non-redundant
protein set.

Dipeptide propensities for linkers

We have tried to refine our observations regarding composi-
tional effects by calculating dipeptide propensities for all
linkers and medium sized linkers, as shown in Tables III-
VI. The small and large linker sets do not have enough
representatives to permit reliable propensities. In the sets
provided, residue pairs are well represented, with a mean
number of 28.5 (£18.4) for each possible pairing. However,
Met—Cys pairings are not observed in the linkers, but Cys—
Met shows the second highest preference in the medium
linker set, although there are only four occurrences. Both
Cys and Met amino acids are rare. Pro-Pro pairs are the
most common in the full and medium linker sets. Again,
this suggests linkers prefer to be isolated from the rest of
the protein.

The most favoured pairs in non-helical linkers are Pro—Pro,
Trp—Trp, Met-His, GIn-Pro and Pro-Leu (Table V). Those
favoured in the helical group are Cys—Met, Arg-Met, Arg—

Lys, Gln—Arg and His—Arg (Table VI). The non-helical pre-
ferred pairs, with preferences >1.3, are of average hydro-
phobicity (63% Eisenberg scale). The least preferred pairs in
this set, with propensities < 0.7, are often hydrophobic (71%
Eisenberg scale). The helical set prefers amino acid pairs
(propensities >1.3) that are slightly more hydrophilic (59%
Eisenberg scale), and disfavours amino acids (propensities
<0.7) that are more hydrophobic (69% Eisenberg scale).
Prolines are observed in the helical set when paired with His
or Met, but in cases of His, only when His precedes Pro.

Asp—Pro is one of the most frequent Xaa—Pro pairings found
in helical linkers, but has a low occurrence in the non-helical
linker set. Conversely, Glu—Pro is avoided in the helical linkers,
but has a very high preference in the non-helical linker set.
Although Asp and Glu both have acidic side chains and are
often seen to be inter-changeable through protein evolution,
they show different propensities to be in an internal strand or
helical conformation (Chou and Fasman, 1974), i.e. both show
a dislike to be in strand but Glu has a strong preference for
helix while Asp has a strong preference for coil.

In Crasto and Feng’s analysis of loops (Crasto and Feng,
2001) residue pairs (a—b) were identified that were highly
favourable for loop conformation, whereas their reversed
complement (b—a) had little or no preference (referred to as
asymmetric dyads). Using Crasto and Feng’s method of selec-
tion, we have identified asymmetric dyads with a high propen-
sity for linkers (Table VII). Residues His and Trp are involved
in a large number of dyads. Interestingly, His—Pro, Lys—His,
Lys—Tyr and Phe—Ser pairs in the helical set have their reverse
complement in the non-helical set, suggesting that the order
of these amino acids are of key importance in determining the
overall structure of the oligopeptide.

The importance of proline

Proline is the most preferred amino acid type in both linker
and loop regions. Proline is unique among protein residues as
it is a cyclic imino acid with no amide hydrogen to donate in
hydrogen bonding. Therefore, it cannot fit into the regular
structure of either o-helix or B-sheet and is a common ‘breaker’
of secondary structure. It is the second most common residue
in the first position of a helix, although it does infrequently
occur in central positions (Chakrabarti and Chakrabarti, 1998).
The proline ring pushes away the preceding turn in a helix by
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Table III. Amino acid pair propensities over all linkers

A C D G H 1 K L R S T v WY
A 081 068 0.79 085 111 076 087 081 1. 960 1.85..1.81, 1.18 0.86 092 091 095 098
C 077 022 051 0537142 o044 07 0430184 o072 . X 09 03 081 038 053 072
D 072 073 068 0.56[ 1.3 09 1.05 094 083 118 119 1.03[77 096 0.88 08 1.1 102
E 115 08 088 09 102 112 101 116 108 084[0189 125/ 1.05 111 118 079 0.76
F 08 08 105 1.09 059 1.27 091 089 fsl]  1.24 AT 114 09 o.88[ 47 HET
G 095 076 068 062 074 068 072 086 i 1.01 1. 084 097 075 08 09
H 088 037 074 0.86 1.04 075] 138 1.19 094 126 099 0961733
I 076 1.07 093 072 0.82 1 079 086 27 082 081 087 06 073
K 086 093 09 085 1.22 073 081 1.2 ' 091 1.04 085 064 125
L 108 062 12 0.88 1.18 092 112 097 101 084 085 101 091
M [Eg 0 1.08 0.85[1566] 0.89 1.11 0.2 095 097 083 1.06
N 071 098 053 1.01 106 093 . . .

P 071 117 1. . 1.19 |49 1092

Q 059 1.1 117 119 113 1.04 086 3

R 079 121 13 1.09 107 0950074 . A .

S 075 09 119 11 079 0.86 095 1.14 0. 1.06 099 1.15

T 055 1.14 115 086 086 118 077 0.92 0.94 08 122

v 038 0.89 092 102 08 13 076 113 ) 098 11 087 1

w 0.44 051 0983 051714 046 042 066 096 098 061 058 113 1.07 085

Y 07 085 1.22 095 1.02 094 099 118 081 059 12900 47 123 09 1.13 082

Amino acids in the rows precede amino acids in the columns. Propensities >1.30 are highlighted. Sample size is 28.5 = 18.4 per residue

pair.

Table IV. Amino acid pair propensities for medium sized linkers

A C D E F

L

M

071 06 088 1.09 1
035 044 051 0.23
076 08 058 105 1.25
092 094 1.16 095
024 113 123
063 065 066 1.07
058 08 0.85E8
105 109 12 084
045 097 1.16 075
08 126 1.22[00 7
0 o085 082 1.21
0.36 1.04 083 1.09
053 1.16 121 121
0 116 1.19
073 1.18 0.78
0.67 0. 0.91
0 0.93
0.23 1.02
0.69 0.53
0.21 1.18

0.63 1

“EL<SNAQNZECrA~TIOTET O

1.05  1.32 1.14

0.88

0.31[2.04

1.07
1.19
0.72
0.96

Wk

0.95
1.22

0.46
1.05

miig 0%
0.65
29

0.82
119 079

122
1.07

0.92

054

0.73
099 0.79

1.04 054 1.17

1.94

Amino acids in the rows precede amino acids in the columns. Propensities >1.30 are highlighted. Sample size is 18.4 = 12.4 per residue

pair.

~1 A producing a bend of 26° along the helix axis and breaking
the hydrogen bonds at position i — 3 and i — 4 (Barlow and
Thornton, 1988). Proline will introduce some motion into a
helix, that enables a number of different conformations at that
region (Pastore et al., 1989). Also, for transmembrane helices
it has been suggested that proline induces essential hinge
bending, required in ion channel gating (Tieleman et al.,
2001). NMR studies suggest that proline-rich sequences form
relatively rigid extended structures and show ‘elbow bending’
dynamics (Radford et al., 1987). Two prolines in a row favour
the poly-proline, or collagen, conformation, which is extended
but cannot form a PB-sheet. Short proline rich sequences are
stiff, with non-interacting connections. As suggested before,
this is the most likely reason why proline is the preferred
linker constituent, particularly in non-helical linkers. It cannot
hydrogen bond to any surrounding amino acids, avoiding
ordered structure formation and contact with the neighbouring
domains.

876

Prolines can adopt two conformations, o (¢ = —61°, y =
-35°) or B (¢ = -63°, y = 150°). The conformation of the
proline is influenced by the preceding residue, and when the
preceding residue is hydrophobic, proline generally favours
the B-conformation (MacArthur and Thornton, 1991). This
tendency is confirmed in our linker database, as hydrophobic
residues are the preferred amino acid types at linker positions
preceding prolines, leading to the extended conformation.

Peptide bonds between proline and its preceding residue
(Xaa—Pro) typically exist in equilibrium between trans (® =
180°) and cis (o = 0°) conformation, with respect to the two
successive C,, positions. The geometry is such that a cis proline
always forms a 180° turn in the polypeptide, which is known
as a type VI or cis-Pro turn. Such a turn in a linker would
be disadvantageous, bringing the flanking domains in close
proximity and possibly causing conflicts during domain folding.
The disadvantage of cis-Pro turns is aggravated by the fact
that conversion between cis and frans is very slow, requiring
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Table V. Amino acid pair propensities for non-helical linkers

A C D E F G H 1 K L M N P Q R S T v W Y
A 075 075 076 083 1.14 0081 121 054 058 051 078 079, 217 113 087 073 1.14 078 033 057
C 051 046 085 129 046 074 0.33 0 075 096 8 062 08 033 113 1.15
D 059 055 1.6 096 0897 073 1.03 1 2 094 092 089 037 1.14
E 1.38 05 116 08 079 2 106 07/ 187 0866 047
F A4 06 099 1.01 097 125 0597149 1.06
G 0.81 1.02 129 08 117 09
H 0.69 1.05 094 074 096 1.12
I 0.89 091 087 1.16 059 082
K 1.05 o.88[ 132 o0.81 021 1.09
L 0.87 1 085 061 058 088
M 2.7 0.99 081 087 0 061
N 0.92 31 o % 126 0. 88 07
P LR '154r 157 282 43 02 _1.81
Q 0.84 oas 08 108 1.15 48 054 1.2
R 072 12 087 1 084 E{m 0. 73 . 0.88 0.75
s . . 0 82 1.05 1.38 095 1.03 113 1.03 0. ; 0.86 0.88 054 8
T 121 095 1.23 1.04 1.08] 1. 1.05 0.85 077 1.14] 12?5;3 72| 0.84 0.87] 1.33
vV 058 047 093 087 123 112, 1.52 078 0.87 087 114 121 087 079 063 091
W 057 0 059 085 033135 054 077 0.31 092 068 1.02 078 1.24[7286 0.41
Y 073 087 1.02077148 o063 083 047 044] 146 o082 113 11 1.04[781 077 0.98 053

Amino acids in the rows precede amino acids in the columns. Propensities >1.30 are highlighted. Sample size is 14.2 = 9.6 per residue pair.

Table VI. Amino acid pair propensities for helical linkers

0.93

117
0.86

RS RORZErA~C 0TRSO

0.96

1.28

0.65 1.05
1.19 1.2

0.99

11? 072 0.74

1 ,03 0,?3

) 063 1.2
081 062 043

036 038 083 116 081 0.
9 061 ﬂm 1.29 1 114
. 0.61 125 08 096 1.12
. 075 081 089 094 09 088
072 082 061 11 079 085 061
096 08 082 0.87 056 057
129 127 036 0.23 112 118 0.88
0.75 0.94 0.87

Amino acids in the rows precede amino acids in the columns. Propensities > 1.30 are highlighted. Sample size is 14.3 *£ 10.9 per residue

pair.

the disruption of a pseudo-double bond. The activation energy
barrier for cis—trans isomerization of Xaa—Pro peptide bonds
has been well characterized with values ranging from 80 to
100 kJ mol™! (Reimer et al., 1998), confirming the widely
accepted notion that cis—trans isomerization of Xaa—Pro causes
slow protein-folding rates (Brandts et al., 1975).

The preceding residue type, Xaa, greatly affects the Xaa—
Pro cis—trans inter-conversion rates, e.g. when Tyr precedes
Pro, it has the highest propensity to be cis when compared to
all other amino acids (MacArthur and Thornton, 1991). Also,
amino acids with aromatic side chains, Tyr, His, Phe and Trp,
have been found to specifically reduce cis—trans isomerization
rates when in the Xaa position (Reimer et al., 1998) and
therefore slows down protein folding. Interestingly, these four
residue types are the least preferred to precede Pro within both
medium sized and non-helical linkers (Tables IV and V,
respectively), whereas His is one of the most preferred types
to precede Pro in the helical set (Table VI). The rate constants
for trans to cis isomerization as measured for Ac—Ala—Xaa—
Pro—Ala-Lys—-NH, pentapeptides (Reimer et al., 1998) are

negatively correlated with the Xaa—Pro pair linker propensities
derived from our database, with a correlation coefficient
of —0.54 (Figure 3). The faster the conversion from trans
to cis in Xaa—Pro, the less likely the pair is to occur within
a linker. Although, the reverse cis to trans conversion rate,
has a smaller negative correlation coefficient of only —0.31.
The pattern for a residue preceding Pro within a linker is
that it will have a low propensity to be in cis conformation,
will have slow trans to cis conversion rates and faster cis
to trans rates. This again supports the notion that linkers
prefer an extended conformation and act as spacers to allow
domains to fold independently.

Linker database

We have constructed a database of inter-domain linkers,
providing an ample source of potential linkers for novel fusion
proteins. These linkers provide the conformation, flexibility
and stability needed for a protein’s biological function in its
natural environment. The linker database is available at http://
mathbio.nimr.mrc.ac.uk. The database is organized into two
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Table VII. Dyad sequence codes for linkers

All linkers

Helical linkers

Non-helical linkers

Cys-Met Cys-Met Met-His
Cys-His Asp-Trp Phe-Trp
Phe-Trp Ala-Trp Pro-His
Pro-Trp Trp-Gly Tyr-Gla
His-Arg Tyr-Gln His-Lys
Asp-His Tyr-lle Pro-Trp
GIn-Ser His-Thr His-Phe
Trp-Gly Cys-His Tle-Met
Ala-Gln Phe-Trp Asp-His
Met-His Leu-Phe Val-His
Gly-Met His-Pro Asp-Arg
Lys-Pro Thr-Ala Arg-lle
Leu-Phe Glu-Met Gin-Ser
Tyr-Gln Lys-His Phe-Cys
Arg-Met Met-Leu Gly-Met
Arg-lle Ala-Gln His-Arg
Phe-Tyr Tyr-Leu His-Asn
Phe-Asn Phe-lle Glu-Cys
Thr-Ala Lys-Tyr Val-Thr
His-Tyr Trp-Arg Thr-His
Gln-Val Leu-Ala Cys-Arg
Phe-Ser Phe-Gin

Ala-Arg Glu-Val

Phe-Asn Lys-Thr

Glu-Thr Thr-Asp

Leu-Trp Ser-Phe

Asn-Glu Ser-Thr

Leu-His Gln-Val

Tyr-Lys

Asn-Gln

Gln-Lys

Amino acid pairs are in order of propensity difference between the pair and

their reverse complement, starting with the largest propensity. The amino
acids in the columns have a linker propensity >1.3, whereas the linker

propensity of the respective pair is <1.2 and the difference between the two

propensities is >0.3 (values used by Crasto and Feng, 2001).

2 : . ; v
P
L M 1
>
=
w2
=
B 1sp- —
e
&
3t
[0} L 4
A
=
o
k= —
A I
&
<
X
w
. ! N ! . 1 .
03 1 b3 3 4 5

Xaa-Pro trans to cis rate constant

Fig. 3. Xaa—Pro linker propensities versus frans—cis rate constants described
by Reimer et al. (Reimer et al., 1998). Rate constants were measured at 4°C
in sodium phosphate buffer (pH 5). Values for His are not included. The
data shows a correlation coefficient of —0.537. Linker pair propensities are
for the complete linker set.

basic classes ‘non-helical’ and ‘helical’. The database can be
searched using several query types, such as PDB code, PDB
header, linker length, C, extent or sequence. Searches using
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i ﬂ‘
Mathematical Biology

i) ia 1
CH f‘fz Ton 3
FT 101
LT 105 |
AN i
55 CECCS
ES C-5
LN 5
X5 0.582
SA 0. 286
DS 0. 2596
T 11.367
HEADER  REDUCTASE 15-FEB-93  2PIA ZPIA 2
COMPHD PHTHALATE DIOXYGEMASE REDUCTASE (E.C.1.18.1.) 2PIA 3
SOURCE (PSEUDOMONAS SCEPACIA DBOL) ZPIA 4
ATOM 769 W PRO 101 0.776 29.068 22 544 1288 2PIA 523
ATON 7 cA PFRO 101 1.724 25.9%9 22.016 11.75 EPIA 524
11.

Fig. 4. Linker database output file for linker 1befA_1
(http://mathbio.nimr.mrc.ac.uk). Visualization of the linker in 3D is achieved
using Jmol molecule viewer (http://jmol.sourceforge.net). The database will
provide an ample source of potential linkers for novel fusion proteins.

regular expressions are possible and can be used to find
particular sequence motifs. The two linker categories may be
queried individually or together. The output from a search will
display a list of linker identifiers along with their sequences.
A hyper-link connects each linker identifier to an atomic
coordinate page, which also contains an interactive rotating
3D atomic structure of the linker (Figure 4).

Conclusion

Multi-functional enzymes generally comprise a number of
discrete domains connected by inter-domain linkers. The
recurrent use of protein domains in the creation of novel
protein and enzymic activities offers virtually unlimited possi-
bilities (Nixon et al., 1997). Inter-domain linkers are likely to
facilitate the folding of multidomain proteins: a-helical linkers
are thought to act as rigid spacers to prevent non-native
interactions between domains that may interfere with correct
domain folding. The requirement for stiffness turns out to be
important also for the non-helical linkers: having a large
proportion of proline residues leads to a rigidity of the
polypeptide. Compared to their helical counterparts, non-
helical linkers have evolved further away from intra-domain
segments, to obtain the required rigidity inherent to the o
helical conformation.

However, prolines can form tight turns or cis-Pro isomers,
which negatively affect domain independence. The chance of
these conformations can be reduced by careful selection of the
preceding residue, and this study confirms that this happens
in nature.

The linker database introduced here, along with its query
protocol, should be helpful as an initial reference for any
domain fusion protocol. Linker design is an obvious necessity
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in protein engineering, as they should keep domains apart
while allowing them to move as part of their catalytic function.
The observed natural tendency to form rigid linkers might also
be related to avoiding proteolytic cleavage, as linkers are likely
targets for protease degradation (Hellebust et al., 1989).
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