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Abstract: In this paper, we describe the predominant conformational forms adopted by tripeptides and
higher oligopeptides in aqueous solution. About 50 tripeptides and almost 20 higher oligopeptides (4-6
residues) were subjected to conformational analysis using SYBYL Random Search. As with dipeptides (Grail
BM, Payne JW. J. Peptide Sci. 2000; 6: 186-199), both tripeptides and higher oligopeptides were found to
occupy relatively few combinations of psi-phi space that were distinct from those associated with predom-
inant protein secondary structures (e.g. helices and f-sheets). Again, the preferred psi () values for the first
residue (i — 1) were in sectors encompassed by the ranges from + 150° to + 180°, + 60° to +90° and — 60°
to —90°, which were combined with preferred phi (¢) values for the second residue (i) in sectors with ranges
from — 150° to +180°, —60° to —90° and + 30° to + 60°. It was notable that tripeptides and, to a greater
extent, higher oligopeptides adopted an initial psi () (Tor2) from + 150° to + 180°. For tripeptides, their
N-C distances (distance between N-terminal nitrogen and C-terminal carbon atoms) distribute about 6.5 A
to give shorter, ‘folded’ conformers that are similar in length to dipeptides, and longer, ‘extended’ conformers
that are distinct. Furthermore, for higher oligopeptides, their N-C distances did not increment in relation
to their increasing number of residues and short, ‘folded’ conformers were still present. These findings have
a bearing upon the recognition of these molecules as substrates for widely distributed peptidases and
peptide transporters. Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

We have previously described the use of molecular
modelling to determine the solution conformations
of dipeptides [1], and have shown how distinct con-
formational forms of dipeptides are recognized by
the dipeptide permease (Dpp) and the tripeptide
permease (Tpp) of bacteria such as Escherichia coli
[2,3]. By logical extension, the analogous trans-
porters in the mammalian intestine and kidney,
PepT1 and PepT2, respectively, recognize and trans-
port these same conformational forms, the so-called
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‘Molecular Recognition Templates’ (MRTs). Tripep-
tides are transported by Dpp and Tpp in E. coli [4],
and also by a third peptide permease, the oligopep-
tide permease (Opp) [5,6]. Given that Dpp and Tpp
recognize distinct conformational forms of dipep-
tides, it is likely that Dpp, Tpp and Opp will also
recognize different conformational forms of tripep-
tides, even though their mode of binding by ionic
interactions, H-bonds, and hydrophobic interac-
tions may be similar [7-9]. As only Opp has the
ability to recognize and to transport peptides larger
than tripeptides [5,10,11], it may be anticipated
that Opp will recognize tripeptide conformers with
an extended backbone [10,12,13], whereas Dpp
and Tpp will be restricted to shorter tripeptide



176 MARSHALL ET AL.

conformers that approximate an N-C distance
found for their preferred dipeptide substrates [2,3].

Thus, we describe in this paper molecular mod-
elling studies of a collection (about 50) tripeptides
and representative higher oligopeptides and report
the predominant torsional forms they adopt in solu-
tion. Subsequently, these data can be used to de-
scribe the precise torsional forms of tripeptides
recognized by the three peptide permeases (Dpp,
Tpp and Opp), and to explain why only Opp can
recognize and transport the higher oligopeptides.
Our approach offers two immediate advantages.
Firstly, the data obtained for the E. coli peptide
transporters Dpp and Tpp are directly applicable to
their clinically important counterparts in the mam-
malian intestine, PepT1, and kidney, PepT2, respec-
tively [14,15]. Second, the full description of the
MRTs recognized by Dpp-type (PepT1 and PepT2)
and Tpp-type transporters will allow molecular
modelling to be used as a tool to rationally design in
silico therapeutic agents with improved uptake by
these transporters. The advantage is that bio-
availability can be ‘designed in’ early on in a drug
development process before any chemical syntheses
are attempted, a sentiment endorsed by Rademann
and Jung [16]. The modelling of tripeptides is par-
ticularly relevant to the further characterization of
PepT1 (and PepT2), as it is responsible for the up-
take of orally active f-lactams, which are tripeptide
mimetics. Tripeptides are substrates for all three E.
coli peptide transporters and molecular modelling
can help reveal why this is so. It is unlikely that
approaches such as X-ray crystallography will be
able to address this question in the foreseeable
future.

MATERIALS AND METHODS

Construction of Peptide Models

Molecules were constructed from first principles as
described previously using either SYBYL 6.2 run-
ning on a Silicon Graphics Indigo 2 workstation
(R5K platform, 200 MHz processor) or SYBYL 6.4
running on a Silicon Graphics Octane workstation
(R10K platform, 175 MHz processor) [1]. As with
dipeptides, we considered that the physiologically
relevant state of oligopeptides would be as zwitteri-
ons with charged termini. Thus, the amino termi-
nus was protonated and the carboxyl terminus was
modelled as a carboxylate. The side-chains for Lys,
Orn, Asp and Glu were treated analogously. The
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default atom type for the nitrogen atoms of proto-
nated amino groups was changed to a tetrahedral
N4, the carbon of dissociated carboxylates was
changed to trigonal planar C2 and the two carboxy-
late oxygens were changed to Oco2. Because of the
inherent difficulties in determining the protonation
states and/or sites of the side-chains of His and Arg,
these two residues were purposefully omitted from
this study. This omission is justified because His
and Arg also occur less commonly as residues
within proteins than many other amino acids [17].

Choice of Solvation Method

As we were interested in the conformations adopted
by peptides in solution, it was paramount that we
simulated their behaviour in aqueous solution.
Also, conformational analysis of AlaAla (charged-
form) using explicit solvation [18] is extremely com-
putationally demanding [3], and consequently, we
have opted for an approximation using a distance-
based dielectric function of 80, which is less de-
manding computationally but still gives realistic
results [19]. Furthermore, distance-based dielectric
functions of 4 and below results in conformers with
cis peptide bonds, a situation that is unlikely to
occur with most peptides in solution [19].

Choice of Conformational Analysis Procedure

The minimum number of relevant rotatable back-
bone torsion angles for a tripeptide will be four (for
GlyGlyGly and AlaAlaAla), making the use of grid
search conformational analysis even more impracti-
cal than with dipeptides [1], and the case for using
a random search procedure more clear cut. How-
ever, a particular concern was whether conforma-
tional space was adequately searched and, to
ensure this, we generally performed several
searches and also increased the number of search
iterations (using between 1000 and 50000). The
random search procedure was performed as de-
scribed previously [1,3,19], using versions 6.2 and
6.4 of the SYBYL software package. The search
algorithm used in SYBYL 6.4 incorporated a
‘Bumps’ checking procedure to eliminate high en-
ergy conformers from consideration early on, and
also used a relative energy cut-off value of 7 kcal/
mol rather than an absolute energy cut-off (default
value of 70 kcal/mol in SYBYL 6.2). Where several
random searches were performed for a peptide, the
resulting sets of conformers were combined and
referenced to the lowest energy member of the com-
bined set.

dJ. Peptide Sci. 7: 175-189 (2001)
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Definition of Backbone Torsion Angle Segments

The conformational preferences of oligopeptides as
a group were analysed separately from that of
dipeptides [1], although the backbone torsion an-
gles were still divided into 12 x 30° sectors. The
sector numbers were prefixed by letters to continue
the series giving Tor2 (A1-Al2 sectors), Tor4 (B1-
B12 sectors), Tor6 (C1-C12 sectors), Tor8 (D1-D12
sectors), Torl0 (E1-E12 sectors), Torl2 (F1-F12
sectors) and so on (see Figure 1).

N- Cdistance measurement of conformers

The overall length of a peptide, its N-C distance,
was defined and manipulated as previously de-
scribed [1].

RESULTS

Choice of Peptides to Model

In this study, we restrict our consideration of
oligopeptides to peptides composed of 3-6 residues.
Even so, this gives a possible set of 8000 tripep-
tides, 160000 tetrapeptides etc., that could be cho-
sen to model, an impractical proposition that was
first noted when we modelled dipeptides (400 possi-
ble structures). The largest potential source of natu-
rally occurring peptides are those derived from the
hydrolysis of proteins and these will comprise a
common pool of peptides available to peptide trans-
porters and peptidases in all organisms [3]. Doi et
al. [17] have examined the distribution of individual
oligopeptides derived from the amino acid sequence
of human, Saccharomyces cerevisiae and E. coli
proteins and have determined that, essentially, all
possible tripeptide species are present, although the
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Figure 1 Schematic of tripeptide AlaAlaAla showing
residues (i— 1, i, and i+ 1), electrostatic charges and tor-
sion angles. Tor2 is y;_ ,, Tor4 is ¢,, Tor6 is i, and Tor8 is

brs1
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complement of tetra- to hexapeptide species dimin-
ished to approximately 1.5% of the theoretical pos-
sible. Furthermore, the copy numbers of these
peptides was phylum-specific and not correlated
with the distribution of individual amino acids
within proteins contained within the database at
the time of this analysis. Interestingly, homopep-
tides were particularly prevalent, although the sig-
nificance of this is unknown. Thus, although the
choice of which peptides to model is not immedi-
ately obvious from this study, it would appear that
modelling peptides so as to include the full range of
side-chain chemistries (aliphatic, aromatic, polar,
and charged) would be a suitable compromise.

Computational Demands and ‘Completeness’ of the
Random Search Procedure when Applied to Flexible
Molecules

The random search procedure is designed to be less
computationally demanding than a full, systematic
grid search using small step sizes (~ 10°) [20]. How-
ever, a specific concern for conformational analysis,
particularly when random conformational searches
are used, is ensuring that most, if not all, conforma-
tional space is searched rigorously. Previously, we
have modelled dipeptides [1] and found that ran-
dom searches using the default setting of 1000
search cycles searched conformational space ade-
quately for most dipeptides, LysLys being a possible
exception. Tri- and higher oligopeptides, however,
have a more complex conformational space because
of their increased number of backbone torsion
angles and side-chains and their associated confor-
mational flexibility.

As a specific test of the completeness of the ran-
dom search procedure implemented, a series of ran-
dom searches was carried out for the two extremes
of tripeptide conformational dimensionality repre-
sented by AlaAlaAla (6 backbone) and LysLysLys (6
backbone + 12 side-chain torsions). The implicit as-
sumption to be tested was that if conformational
space had been sampled sufficiently well, then in-
creasing the number of search iterations was un-
likely to find conformers with significantly lower
energies (i.e. new energy minima). Thus, these two
peptides were subjected to random searches for
between 1000 and 50000 search iterations. For
AlaAlaAla (Figure 2(a)), increasing the number of
search iterations from 1000 to 20000 did not result
in finding conformers with lower energies, although
the number of unique conformers found did in-
crease. The minimum energy conformer found for

dJ. Peptide Sci. 7: 175-189 (2001)
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Figure 2 Variation of energy (kcal/mol) of minimum energy conformer (H) and number of unique conformations found (A)
for (a) AlaAlaAla and (b) LysLysLys for increasing search iterations used in random search.

each of these searches was essentially the same for
each search with values similar to those reported in
Table 1 (data not shown). The additional, unique
conformers found with the increased search itera-
tions can be regarded as close variants of previously
found conformers. With LysLysLys (Figure 2(b)), the
position is different in that the energy of the mini-
mum energy conformer found does vary with the
number of search iterations, generally decreasing
with increased search iterations. Similarly, the
number of unique conformers found increases ap-
proximately linearly with number of search itera-
tions performed. This result was not entirely
unexpected since Lys has a longer side-chain than
Ala (and most other amino acids). Therefore, al-
though the degree of ‘completeness’ of the confor-
mational searching for LysLysLys may be lower
owing to its more extensive conformational space,
this particular tripeptide should be considered as a
computationally challenging case for random
search conformational analysis rather than a pro-
hibitive limitation in its successful application. In
addition, it must be stressed that the data derived
are not ‘absolute’ [1], and that variations between
searches are to be expected given their stochastic
nature. Also, the computational times (Total CPU)
taken for the random searches of these two
molecules differed; the AlaAlaAla searches (1000-
20000 iterations) took between 0.8 and 19.9 h, the
LysLysLys searches (1000-50000 iterations) taking
between 1.1 and 176.8 h using a Silicon Graphics
Octane workstation (R10K platform, 175 MHz pro-
cessor) running SYBYL 6.4. Thus, although the

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

searches for LysLysLys take considerably longer
than those for AlaAlaAla, most other peptides will
fall somewhere between these two extremes, gener-
ally towards shorter computational times.

By its nature, random search may find the same
conformer several times, and it has been suggested
that the number of times the search finds each
unique conformer (recorded as ‘counts’ in SYBYL)
can be used as a measure of the ‘completeness’ [21].
In this case, the probability that a search is com-
plete is given by (1 — (3", where n is the least
number of times each unique conformer has been
found (i.e. the conformer with the lowest ‘counts’).
Thus, if each unique conformer has been found at
least six times, then the probability that the search
has found all possible conformers is (1 — (%)6) =
0.98, and this criterion is used to stop the SYBYL
random search before all search iterations have
been performed. With the peptide set modelled here,
none was terminated before exhausting all the per-
mitted search iterations, a finding echoed by Trea-
surywala et al. [20] in their study, although the
minimum energy conformer of each search was
often one of the most commonly found conforma-
tions (data not shown). That these random searches
were not terminated because of this ‘counts’ criterion
should not be taken as an indication that the ran-
dom search procedure has sampled conformational
space poorly for these compounds, nor should termi-
nation because of the ‘counts’ criterion be taken
as absolute proof that conformational space has
been searched well. Occasionally, particularly in the
case of constrained structures, we have found that

dJ. Peptide Sci. 7: 175-189 (2001)
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random search terminates well before the search
iterations have been exhausted because one low
energy conformer has been found six times in rapid
succession (BM Grail, S Gupta, NJ Marshall, GM
Payne and JW Payne, unpublished data). In these
cases, it is apparent that the random search has
found conformers that, when energy minimized, al-
ways result in the production of the same low en-
ergy conformation without finding any other low
energy conformations. Thus, total reliance upon the
‘counts’ for assessing the ‘completeness’ and ‘qual-
ity’ of the random search as implemented in SYBYL
may be misleading.

Combining of Multiple Random Searches for a Single
Peptide

Given that it may be difficult to assess reliably the
degree of conformational space searched by the
SYBYL random search procedure and that the com-
putational time associated with increased search
iterations (> 10000 cycles) may become prohibitive,
we have implemented a procedure to circumvent
such limitations. In this approach, more than one
random search is performed for each peptide, often
using different starting conformations and numbers
of search iterations. The resulting conformations
from the different searches are combined to form a
single set of conformations which are referenced to
the lowest energy conformer found within all
searches. Duplicate conformers (those with identi-
cal energies, backbone torsions and N-C distances)
are removed from this combined set and the Boltz-
mann distributions determined using the lowest en-
ergy conformer of the combined searches. Because
the computational demands imposed by higher
numbers of search iterations do not increase lin-
early, it is frequently quicker to perform several
smaller searches (e.g. 1000-10000 cycles) than a
larger, single search (e.g. 50000 cycles). The
stochastic nature of random search ensures that
performing several smaller searches instead of one
larger search does not bias the finding of particular
sets of conformers repeatedly without visiting other
regions of conformational space. Much of the data
reported here is the result of combining two or more
searches in this way (see Table 1).

Conformational Preferences of Tripeptides

Table 1 presents a summary of the tripeptides mod-
elled in this study and shows data for the minimum
energy conformer found for each peptide. Forty-
eight tripeptides were modelled using 90 indepen-
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dent random searches (the number of searches for
each tripeptide modelled varied from one (e.g.
AlaGlyGly) to seven (LysLysLys)). A total of 490626
search iterations were performed to locate 36353
unique conformers of the 48 tripeptides modelled
(the number of unique conformers found varied
from 42 (LysTrpLys) to 3482 (LysLysLys)). The only
residues not considered in this analysis were Arg
and His for reasons discussed earlier. The energies
of the minimum energy conformers varied from
circa — 5 kcal/mol (for PhePhePhe) to + 24 kcal/mol
(ProProPro). A similar situation was found when
dipeptides were modelled in that those with aro-
matic residues (e.g. PhePhe, TyrTyr), had lower en-
ergy minimum energy conformers than those
containing Pro residues (e.g. ProAla, GlyPro). The
stabilizing factors pertinent to peptides and in-
volved in the energy calculations have been dis-
cussed in some detail [1]. The minimum energy
conformer generally only accounts for a small pro-
portion of the total conformers (20%), unless there
are particular energetic stabilizations operating (e.g.
PhePhePhe, TyrTyrTyr). The number of unique con-
formations found is much greater than that for
dipeptides (as expected) [1], and is mainly related to
the chi torsions of the side-chain, although
SerSerSer (a relatively simple side-chain) produces
an unexpectedly large number of unique conforma-
tions when compared with the structurally related
homotripeptides AlaAlaAla and ThrThrThr. The N-C
distance of the minimum energy conformers varies
from 3.78 A (GlyGlyPro) (that contained one cis
peptide bond) to 8.87 A (TrpGlyGly) (where both
peptide bonds were trans), the vast majority falling
in the range of 5-7 A.

To examine the conformational preferences of
tripeptides (residues i — 1, i and i+ 1), we compared
pairs of torsion angles along the peptide backbone.
Thus, we compared the two peptide units encom-
passing the pairs Tor2/Tor4 (;_,/¢;) and Tor6/Tor8
(¥;/¢;,1) (pseudo-Ramachandran analyses [1-3])
and also the torsion angle pair Tor4/Tor6 (¢;/y,)
(Ramachandran analysis) for the central residue (i)
(Figure 1). To facilitate these analyses, dedicated
macros (written in SYBYL Programming Language
(SPL)) were written to categorize and to extract the
required data from the SYBYL spreadsheets. First,
these were used to categorize the two peptide bonds
(omega and omega_2) as either cis (0°+90°) or
trans (+ 180° +90°). When the two peptide bonds
were examined in detail for all these tripeptides,
it was found that the spread of torsion angle
values about the ‘ideal’ trans value of + 180° was

dJ. Peptide Sci. 7: 175-189 (2001)
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asymmetric and about + 6° (data not shown), indi-
cating that the above classification would effectively
separate cis from trans conformations. Second, the
remaining four backbone torsions (Tor2, 4, 6 and 8,
respectively [1-3]) were divided into 12 x 30° sec-
tors (A1-12, B1-12, C1-12 and D1-12, respec-
tively). In this way, all torsion angles had been
categorized, and conformers containing particular
combinations of torsion angles, e.g. Tor2 =A7,
omega = trans, Tor4 =B9, could be identified and
selected. Finally, conformations belonging to each
of the 12 x 12 = 144 combinations of Tor2 and Tor4
sectors (with a trans omega) were identified, their
percentage contributions aggregated and these data
exported to a separate file. This was repeated for all
48 tripeptides modelled and the final totals
summed. A similar procedure was followed for the
Tor6/Tor8 comparison (with a trans omega_2); for
the Tor4/Tor6 comparison, only conformers with
both omega and omega_2 at trans were considered.

These analyses are shown in Plate 1(a)-(c) and
are, conceptually, the mirror image of a potential
energy surface scaled by the Boltzmann distribu-
tion. Hence, the peaks on these plots actually repre-
sent the energy minima on the potential energy
surface and are, in effect, an ‘average’ for all tripep-
tides. Most, if not all, tripeptides will have a signifi-
cant proportion of their conformations within these
peaks although particular tripeptides may occupy
unique areas of conformational space or reside just
outside the major volumes of these peaks. This was
also found to be the case for dipeptides where those
containing Gly and Leu residues frequently lay to-
wards or just outside of these major peaks [1].
Thus, the effect of including peptides containing Gly
and Leu residues, for example, in these analyses is
to broaden these peaks. The graphs were plotted as
3-D Mesh Plots using SigmaPlot 2000 (SPSS Inc.,
Chicago, IL) using a 36 x 36 interpolation grid to
generate intervening data applying the inverse dis-
tance smoother with default sampling proportions
and exponents of 0.5 and 1, respectively.

For the Tor2/Tor4 analysis (Plate 1(a)), it is appar-
ent that tripeptides, as with dipeptides [1], occupy
the Tor2 sectors A4 (from — 90° to — 60°), A7 (from
150° to + 180°) (+ A8 (from 120° to 150°)) and A10
(from 60° to 90°), a relatively greater proportion
residing within A7 than within A4 and A1l0. For
Tor4, the preferred sectors are B9 (from —60° to
—90°), B8 (from —30° to —60°), B2 (from 30° to
60°) and B12 (from — 150° to + 180°) (+B11 (from
—120° to —150°). The B8 + B9 sectors are rela-
tively more occupied than any of the other sectors.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

Thus, tripeptides have a great tendency to adopt the
A7-A8/B8-B9 conformation at their N-terminus,
and more so than was seen with dipeptides.

Analysis of the torsion angles about the central
residue (i), Tor4 (¢) and Tor6 (), a ‘true’ Ramachan-
dran plot (Plate 1(b)), showed that the most popu-
lated sectors were the B8 + B9 sectors with C5 (from
—60° to —30°), B2 with C11 (from 30° to 60°), and
B8 + B9 sectors with C10 (from 60° to 90°).

With the Tor6/Tor8 analysis (Plate 1(c)), tripep-
tides populate the Tor6 sectors C5, C11 + C10, and
C7; sectors D9 (from —90° to —60°), D12 (from
—150° to +180°), and D2 + D3 (30° to 90°) being
predominant for Tor8. Thus, for the second y angle
(Tor6, C sectors), a less extended torsion angle sec-
tor (C5) is chosen, although the extended torsion of
C7 is still a major sector. For Tor8, there has been
little change in the sectors adopted, i.e. the pre-
ferred sectors are still D9, D12, and D2 + D3.

That such a small proportion of conformational
space is occupied by tripeptides is, perhaps, sur-
prising. This was also shown for dipeptides [1],
where only nine psi-phi combinations were
occupied.

Although these pairwise comparisons are infor-
mative and allow a complete description of back-
bone conformational space for dipeptides, in the
case of larger peptides it would be desirable to be
able to view relevant information for all torsion
angles and percentage contributions on a single
plot. The application of some variant of parallel
coordinate plots to visualize such complex, multidi-
mensional data could prove valuable here [22].

N-C Distance Data for Tripeptides

The N-C distance data for all peptide conformers
were divided into 0.5 A bins from 2.5 to 10.0 A and
the percentage contributions of all conformers
falling within the bins summed. These data are
shown in Figure 3, and show a broadly symmetric
distribution about the 6.5 A bin. A significant pro-
portion of the conformers have N-C distances com-
parable with those of dipeptides, despite containing
an extra residue [1,2]. This situation has relevance
to the differential recognition of tripeptide conform-
ers by peptide transporters and peptidases and
must, therefore, be considered when describing
their potential substrates. Particular N-C distance
bins encompass specific conformational subtypes
(e.g. those with common Tor2, 4, 6 and 8 values),
because the N-C distance is a consequence of
the backbone torsion angles. Thus, although, in
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Figure 3 N-C distance data for the 48 tripeptides listed
in Table 1. The N-C distances have been divided into 0.5
A bins such that the bin labelled 2.5 A represents con-
formers with an N-C distance of >2.5 A and <3.0 A.

principle, it is possible to determine which torsional
forms are present within each N-C distance bin, in
practice, this is far from trivial. Indeed, distances
are frequently used by medicinal chemists to de-
scribe particular features of pharmacophores (e.g.
distances between H-bond donors and acceptors) for
the very reason that it is simpler. However, despite
the inherent difficulties in determining which tor-
sional subtypes occupy particular N-C distance
bins, it is safe to assume that more elongated pep-
tide conformers will have trans peptide bonds and
mostly extended torsion angle values (x~ + 180°).

Conformational Preferences of Higher Oligopeptides

Table 2 summarizes the higher oligopeptides mod-
elled in this study and shows relevant data for the
minimum energy conformers. Higher oligopeptides
take considerably longer than most tripeptides to
model and, consequently, fewer have been modelled,
although we have tried to be selective and model
mainly those which have been studied as ligands for
OppA (e.g. ValLysProGly), or homo-oligopeptides of
varied side-chain chemistries (e.g. AspAspAspAsp).

Fifteen higher oligopeptides were modelled using
28 independent random searches in this study, the
number of searches per molecule varying from one
(e.g. AlaAlaAlaAlaAlaAla) to three (e.g. AlaAlaAlaAla),
with most having two. A total of 496808 search
iterations were performed to find 16668 unique
higher oligopeptide conformers, the number of
unique conformers per molecule ranging from 88
(for ValLysProGly) to 2905 (for AlaAlaAlaAla). The
energies of the minimum energy conformers varied

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

from circa — 10 kcal/mol (TyrTyrTyrTyrTyr) to + 24
kcal/mol (ProLeuTrpAla). As with the tripeptides

(Table 1), homopeptides comprising aromatic
residues such as Tyr and Phe appear to gain very
favourable energetic stabilizations brought about by
interactions between aromatic rings and peptide
bonds. The presence of internally strained prolyl
residues in the tetrapeptides ProLeuGlyGly and Pro-
LeuTrpAla results in noticeably higher energies for
these molecules. With the notable exception of Tyr-
TyrTyrTyrTyr, the percentage contributions of the
minimum energy conformer generally accounts for a
small proportion of the total conformers (ranging
from 3 to 30%). As would be expected with the
greater conformational space of higher oligopep-
tides, the number of unique conformers found has
increased greatly, ranging from 88 (for ValLysPro-
Gly) to 2905 (for AlaAlaAlaAla), homopeptides of Ser
giving relatively more conformers than would be
expected from the fewer search iterations performed
for these peptides when compared with the Ala-
series of homo-oligopeptides. Perhaps surprisingly,
the N-C distance of the minimum energy conform-
ers varies from 3.8 A (e.g. AlaAlaAlaAla) to 10.2 A
(e.g. LysAlaAlaAla), with most falling in the range
6-9 A and not being significantly longer than many
tripeptides (Table 1).

The conformational preferences of higher oli-
gopeptides were investigated in the same manner as
tripeptides, although only the torsion angles com-
mon to all peptides (Tor2-Tor12) were investigated.
Again, dedicated macros were written to define the
torsional sectors (A1-Al2 (Tor2), B1-B12 (Tor4),
C1-C12 (Tor6), D1-D12 (Tor8), E1-E12 (Torl0),
and F1-F12 (Tor12)) and extract the required data.
Because of the limitations of 3D pseudo-Ramachan-
dran plots and currently available graphical display
methods discussed earlier, these are shown in Plate
1(d) only for Tor2 and Tor4 (A and B sectors). It is
apparent that higher oligopeptides occupy similarly
tight torsional sector ranges as dipeptides and
tripeptides, although there is a far greater tendency
to populate the Tor2 sector A7. Such a preponder-
ance of higher oligopeptide conformers in this partic-
ular torsional form at the critical N-terminus of a
peptide is likely to exert a strong evolutionary pres-
sure on oligopeptide transporters (e.g. E. coli Opp),
such that they are likely to recognize this N-terminal
conformation to the exclusion of all others. For Tor4,
the sectors B8 and B9 are the most common, B2 and
B12 being relatively less important. As with tripep-
tides, the most common Tor6 sector adopted is Cb,
with sector C7 being less popular. For Tor8, the
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sectors D8 and D9 are still the predominant tor-
sional forms (data not shown).

N-CDistance Data for Higher Oligopeptides

The N-C distance data for higher oligopeptides were
considered separately from that of tripeptides, and,
within this group, the tetrapeptides (nine in total),
pentapeptides (five in total), and hexapeptide were
treated as individual sets and plotted accordingly
(Figure 4). As with tripeptides earlier, a significant
proportion of these higher oligopeptide conformers
have adopted a ‘folded’ conformation indicated by
short N-C distances (< 4 A). Thus, although it is to
be expected that folded higher oligopeptide con-
formers exist in aqueous solution together with
their more elongated forms, this may be partly at-
tributable to the inclusion of ValLysProGly in the
sample which has conformers with cis peptide
bonds and, consequently, shorter N-C distances. It
is also interesting to see that the N-C distances of
tetrapeptide and pentapeptide conformers are not
significantly different from each other, or the single
hexapeptide modelled, and not correspondingly
longer than those of tripeptide conformers. Al-
though, intuitively, one might expect N-C distance
to increment proportionally with chain length, that
it does not may help to explain the evolutionary
pressure on oligopeptide transporters such as E.
coli Opp to recognize and to transport peptides com-
posed of at least two to six residues because of their
similarity in N-C distance [5]. There is also evidence

150

100

50

Curmulative % Contribution

Figure 4 N-C distance data for the 15 oligopeptides
listed in Table 2. The data for nine tetrapeptides (grey), five
pentapeptides (hatched) and one hexapeptide (clear) have
been combined and plotted separately. The N-C distances
have been divided into 0.5 A bins such that the bin
labelled 3 A represents conformers with an N-C distance
of >3 Aand <3.5A.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

that oligopeptide transporters can recognize pep-
tides considerably longer than six residues [23,24]
and this also has bearing upon the sequence of
molecular recognition events occurring in such
transporters.

DISCUSSION

Predominant Backbone Conformations of Tripeptides
and Higher Oligopeptides

The results presented here extend those previously
reported for dipeptides [1], and provide a represen-
tative analysis of the combined di- and tripeptide
pool using computer-based conformational analy-
sis. It is apparent that tripeptides also adopt a
limited number of backbone conformations, as was
so evident with dipeptides; for Tor2 and Tor4, these
sectors are the same, although the Tor2 sector A7 is
much more occupied with tripeptides than with
dipeptides, with A4 and AlO being relatively less
populated in comparison. For Tor6, sectors C5, C10
and C7 are preferred; C7 results in a more ‘ex-
tended’ backbone conformation, whereas C5 and
C10 result in a more ‘folded’ conformation. The Tor8
sectors of D9, D12 and D2 are again the predomi-
nant torsion angles adopted. With higher oligopep-
tides, the conformational preferences mimic those
of tripeptides, although there is an even greater
tendency to adopt an extended Tor2 sector of A7.
Clearly, proteins that have evolved to recognize and
to bind tri- and higher oligopeptides (e.g. Opp of E.
coli) would be expected to recognize this N-terminal
conformation over all others. This expectation is
confirmed by the crystal structures of the oligopep-
tide binding protein, OppA, in complex with a vari-
ety of peptide ligands (comprising 2-4 amino acid
residues) [9-11]; all bound ligands adopt an ‘ex-
tended’ A7-type N-terminal torsion. Plate 2 shows,
in spacefill representation, a modelled A7 ‘extended’
AlaAlaAla conformer and a LysAlaLys conformer ex-
tracted from the crystal structure of an OppA-
LysAlaLys complex [11].

Bioactive Conformations

We have previously discussed the concept of bioac-
tive conformations of dipeptides [1-3] and the same
principles will hold for tri- and higher oligopeptides.
Again, the modelling results presented here are a
‘snapshot’” of the dynamic equilibrium situation
likely to be found in solution and do not consider
interconversion of conformational species. However,
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in the context of molecular recognition, this inter-
conversion is largely irrelevant, as this dynamic
equilibrium will result in an essentially fixed pro-
portion of each conformational species at any
concentration. The graphical representation of
dipeptide conformer profiles using three-dimen-
sional pseudo-Ramachandran plots (3DPR) [1-3]
has also been used here. However, as useful as
these have proved to be for displaying conforma-
tional information for dipeptides, their limitations in
their current form are highlighted with tripeptides
in that at least two plots are needed to adequately
display the necessary information. The need to be
able to present this complex, conformational data
on a single plot has been partly addressed by
Becker using parallel plots [22], although there is
still no easy way of including conformer weighting
in the form of percentage contribution. These limi-
tations will need to be overcome to more easily
understand and graphically display oligopeptide
conformations. As with dipeptides, the predominant
backbone conformations adopted by the overall
tripeptide pool (approximated here with about 50
tripeptides), may not represent the minimum en-
ergy conformer of any particular tripeptide. Thus, it
is paramount to consider the entire conformer pro-
file when attempting to identify the bioactive confor-
mations and not just those matching a crystal
structure (if available) or the minimum energy con-
former. Furthermore, as shown in Tables 1 and 2,
the minimum energy conformer frequently only rep-
resents quite a small percentage of the total and one
must be careful not to over-interpret its signifi-
cance.

Molecular Recognition Templates

Determining the molecular recognition templates
(MRTs) for tripeptides is a challenging prospect in
that they are substrates not only for the di- and
tripeptide transporters, but also for oligopeptide
transporters (e.g., Opp of E. coli) [2,3,7-13,23-28].
Although these three classes share many of their
recognition features, in order to show some degree
of specificity, they must also recognize particular
features that are likely to be possessed only by
specific conformers. For instance, dipeptides are
high-affinity substrates for both Dpp and Tpp,
which require that their dipeptide substrates have
positively-charged amino termini and negatively-
charged carboxy termini; the two systems discrimi-
nate between dipeptide conformers by recognizing
different combinations of torsion angles (;_, and

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

¢ [2,3]. Thus, it is likely that these same two
systems recognize and transport tripeptide con-
formers that are able to match sufficiently well the
appropriate dipeptide MRT. Therefore, one would
expect a group of tripeptide conformers to possess
the correct N-terminal ¢ torsion, the correct N-C
distances and positively- and negatively-charged
termini, and a set of ‘folded’ conformations does
match sufficiently well the MRTs of dipeptides to be
transported by Dpp and Tpp [3]. Similarly, it would
be expected that there is a corresponding set of
conformers that violate the MRTs for dipeptides to
such an extent that they cannot be substrates for
Dpp and Tpp but are available to Opp [3]. In this
respect, it is relatively simple to sort tripeptide con-
formers into appropriate N-C distances that can be
recognized only by Tpp, Dpp or Opp; thus Tpp is
restricted to folded conformers of 4.0-5.5 A, Dpp to
folded conformers of 4.5-6.0 A, and Opp to ex-
tended conformers of > 6.5 A [2,3]. In contrast with
Dpp and Tpp, Opp has no absolute requirement for
a charged carboxyl terminus [5], a feature that
helps to explain its broader specificity and ability to
bind peptides longer than five residues [23-25].
Plate 3 shows a superimposition between a typical
A7 ‘extended’ AlaAlaAla conformer and that of the
crystal structure of the OppA ligand LysAlaLys [11].
The superimposition is very good over the first nine
heavy atoms (the N-terminal N to the second pep-
tide bond carbonyl C), although less so beyond this
point. However, results from an extended range of
biochemical and biophysical assays indicate that
the N-terminus of a peptide is more important to
the recognition process and modifications here are
less well tolerated than elsewhere and may com-
pletely abolish transport [5,6,23,25,26]. In contrast,
modifications to the C-terminus of a peptide are
relatively better accepted [5,6,23] and Opp-type
transporters can bind peptides composed of at least
20 residues [23,24]. Thus, although OppA may use
features of the C-terminus of a peptide for molecu-
lar recognition, these are of secondary importance
to those of the N-terminus and reinforce these ini-
tial recognition events. Unfortunately, no crystal
structures are available for OppA in complex with
peptide ligands derivatized at the C-terminus to
determine whether it is orientated in the same man-
ner within the binding site although unable to form
the stabilizing salt-bridge. It is interesting to specu-
late whether following initial docking of the N-termi-
nal region there may be some conformational
rearrangement of ligand such that OppA is able to
accommodate a wider variety of torsional forms at
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the C-terminus of a peptide than the crystal struc-
tures so far would suggest. Thus, the solution con-
former of AlaAlaAla in Plate 3 would be well
recognized and bound by OppA because of its suit-
able N-terminal conformation and could be rear-
ranged in the process to induce a better fit at the
C-terminus. Alternatively, during the binding of
such conformers, the OppA-peptide ligand complex
could adopt slightly different conformations in order
to accommodate several common C-terminal tor-
sional forms without exercising strict specificity.
Although the crystal structures solved to date do
not support this suggestion, the majority of the
ligands crystallized are charged, lower affinity Lys-
X-Lys peptides that may not be ideal choices from
which to draw general conclusions about the entire
tripeptide pool. In support of these possibilities,
both OppA and DppA can adopt different conforma-
tional forms in solution depending upon the bound
substrate [25,4].

Because the N-terminus of a peptide is such a
critical determinant of molecular recognition by
peptide transporters, we have analysed this feature
in more detail for OppA. The two N-terminal torsion
angles, Tor2 and Tor4, were examined about the
Tor2 sectors A7 and A8, and the Tor4 sectors
B8 and B9. These two pairs of 30° sectors were
split into 6 x 10° sectors covering from + 120° to
+ 180° for the Tor2 sectors, and from —30° to
—90° for the Tor4 sectors, and the percentage con-
tributions of tripeptide conformers falling into these
narrower sectors were summed. This showed that
the three 10° sectors for each 30° sector were not
populated equally and that for Tor2 the angular
range from + 140° to + 180° contained the majority
of conformers and for Tor4, the equivalent angular
range was from —50° to —90°, which gave a
‘weighted” mean value for an A7B9 tripeptide con-
former of + 160° and —65°, respectively. This
structure compares very closely with the Tor2 and
Tor4 values of the ligands of some 18 crystallized
OppA-Lys-X-Lys complexes [11] (Figure 5). Thus,
the predictions from modelling of potential tripep-
tide substrates are corroborated by these experi-
mental data.

Although Dpp and Tpp have the ability to trans-
port some tripeptide conformers, they are com-
pletely unable to transport tetra- and higher
oligopeptides, thus rendering these peptides as sub-
strates only for the remaining transporter Opp.
Given that tri- and higher oligopeptides have a
greater tendency to adopt the ‘extended’ A7 Tor2
sector, it is unsurprising that crystal structures of

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 5 Pseudo-Ramachandran plot of the Tor2 and
Tor4 values of 18 complexes of OppA crystallized with a
series of Lys-X-Lys ligands [11]. The ligands (in one letter
code) comprising this analysis are (with PDB code in
parentheses): KAK (1JET), KCK (1B05), KDK (1B4Z), KEK
(1JEU), KFK (1B40), KGK (1B3L), KHK (1B3F), KIK (1B3G),
KKK (20LB), KLK (1B9J), KMK (1B32), KNK (1B5I), KPK
(1B46), KQK (1B5J), KSK (1B51), KTK (1B52), KWK
(1JEV), and KYK (1B58), indicated with ¢>. Also indicated
on the plot is the weighted mean value of an A7B9 con-
former derived from the modelling studies (A).

OppA liganded with various oligopeptide ligands
have shown that these ligands all adopt an A7 ¥, _,
torsion with an overall length of >6.5 A [10,11].
Thus, Opp has evolved to transport the more ex-
tended tri- and higher oligopeptide conformers,
whereas Dpp and Tpp complement this by trans-
porting the folded, shorter conformers.

N-CDistance

Analysis of the N-C distances of tripeptide and
higher oligopeptide conformers reveals why a vari-
ety of transporters and peptidases are required to
handle this repertoire of substrates. Whereas Dpp
and Tpp can transport most dipeptide conformers
and ‘folded’ tripeptide conformers, they could not
also recognize ‘extended’ tripeptide conformers and
higher oligopeptides [1-3] and complementing this,
Opp has evolved to recognize ‘extended’ conforma-
tions, at the expense of ignoring shorter, ‘folded’
conformers. The N-C distance data for tripeptides
shows that there are significant amounts of ‘folded’,
as well as ‘extended’ conformations. There are
higher oligopeptide conformers that have N-C dis-
tances that approximate to ‘folded’ tripeptides,
which are, presumably, not available as substrates
to any of the three main classes of peptide
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transporters. The maximum N-C distance of higher
oligopeptide conformers does not increase in pro-
portion to their number of residues, i.e. tetrapep-
tides are not twice as long as dipeptides (when the
percentage contributions are considered). This fea-
ture may help to explain why Opp has no strict
requirement for a negatively-charged C-terminus;
firstly it can then bind peptides of various residue
length without anchoring the C-terminal carboxy-
late and, second, even for peptides of the same
number of residues, it can be less discriminating
about the N-C distance range it will initially
recognize.

Side-chain Conformational Space and Molecular
Recognition Parameters

Peptide transporters are able to transport essen-
tially any small peptide regardless of sequence and
have evolved water-filled cavities to accommodate
the variously-sized peptide ligand side-chains
[27,28]. Even so, not all side-chain conformations
can be accepted, particularly in the case of bulky,
hydrophobic residues, e.g. Phe, or long-chain, polar
residues, e.g. Lys. The chi-space distribution of tri-
and higher oligopeptide conformers has not been
investigated exhaustively, but they follow dipeptides
in generally adopting the common y, values of
gauche(—) (g~), gauche (+) (@*), and trans (t)
which are typically seen in protein structures
[1,29,30]. This generalization does not always hold
for peptides containing residues with charged side-
chains at their termini, e.g. Asp, Glu, Lys, because
ionic interactions may result between the residue
side-chain and the charged termini leading to differ-
ent y, values. Charged side-chains may also lead to
distorted charge fields about the termini of the pep-
tide conformers, a feature that may seriously com-
promise their ability to be recognized by peptide
transporters as a charged N-terminus, for example,
is a critical feature of the MRT of all three peptide
transporters [3]. An additional facet of chi-space
that requires consideration is the ability of Dpp and
Tpp to transport certain ‘folded’ tripeptide conform-
ers as well as dipeptides [2,3]. In these cases, it can
be envisaged that the second peptide bond and the
C-terminal side-chain form a structural unit that
mimics a dipeptide C-terminal side-chain suffi-
ciently well that it can be accommodated in the
appropriate side-chain pocket [2]. Whilst this sce-
nario has not been verified by crystallizing appropri-
ate DppA-tripeptide complexes, it explains why
‘folded’ higher oligopeptide conformers with the cor-

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

rect N-C distance cannot be recognized by either
Dpp or Tpp.

Modelling of Other Small, Bioactive Molecules

A basic interest here has been to determine the
structural and conformational features of peptides
recognized by the generic peptide transporters wide-
spread in Nature, and to use this information to
improve the oral bioavailability of therapeutic
agents such as f-lactams and ACE inhibitors. Con-
sequently, we have been using the same approach
to model a variety of therapeutic agents such as
ACE inhibitors and analogues designed in silico to
identify modifications that would result in better
recognition by mammalian peptide transporters so
as to enhance their oral bioavailability (S Gupta,
BM Grail, NJ Marshall, GM Payne and JW Payne,
unpublished results). Together with studies upon
varied peptidomimetics, this approach should be a
useful addition to the drug discovery and design
process.
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Plate 1

3D-Pseudo Ramachandran plots and 3D Ramachandran plots for the 48 tripeptides listed in Table 1 and 15
oligopeptides listed in Table 2. The cumulative percentages of conformers with particular combinations of torsion angles (y
and ¢) are plotted against those torsion angles. Parts (a)-(c) are for tripeptides and represent the torsion angle

combinations of Tor2 with Tor4 (y;_, and ¢;), Tor4 with Tor6 (¢; and y,), and Tor6 with Tor8 (¥, and ¢, , ,), respectively. Part
(d) relates to the oligopeptides and is for the Tor2 with Tor4 combination (;_, and ¢,).
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a) AlaAlaAla

Plate 2 Comparison of a typical A7B9 ‘elongated’ AlaAlaAla conformer with the crystal structure of the OppA ligand
LysAlaLys in spacefill representation (PDB ID code 1JET).

Plate 3 Superimposition of the typical A7B9 ‘elongated’ AlaAlaAla conformer (in CPK colours) with the crystal structure of
LysAlaLys (green) in ball-and-stick representation. The superimposition was performed using the nine heavy atoms
between the N-terminal nitrogen and the carbonyl carbon of the second peptide bond. The RMS value for these two
conformers over these nine atoms was 0.281 A.
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