
M
F

J
S

R

u
p
f
c
c
t
b
t
p
f
t
v
b
f
b
t
i
T
t
©

a
s
a
i
r
m
n
i
b
u
o
t
s
m
s

3

Biochemical and Biophysical Research Communications 267, 283–289 (2000)

doi:10.1006/bbrc.1999.1967, available online at http://www.idealibrary.com on
olecular Recognition Templates of Peptides: Driving
orce for Molecular Evolution of Peptide Transporters

ohn W. Payne,1 Barry M. Grail, and Neil J. Marshall
chool of Biological Sciences, University of Wales Bangor, Bangor, Gwynedd LL57 2UW, United Kingdom

eceived November 29, 1999
optimally need a free, protonated N-terminal a-amino
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Small peptides derived from protein hydrolysis occur
biquitously. To utilize these structurally diverse com-
ounds, organisms possess generic peptide transporters
or di- (Dpp), tri- (Tpp), and oligopeptides (Opp). Using
onformational analysis, we describe the predominant
onformers of di-, tri-, and oligopeptides in water; dipep-
ides occur as nine main groups, defined by specific com-
inations of torsional angles. The molecular recognition
emplates (MRTs) of substrates for Dpp and Tpp com-
rise distinct groups of dipeptide conformers plus
olded tripeptide conformers with matching spatial dis-
ribution of recognition features; for Opp, the MRT in-
olves specific oligopeptide conformers with extended
ackbones. For any peptide, the proportion of its con-
ormers in a particular MRT correlates with its relative
inding and transport by each transporter. Thus, pep-
ide transporters have evolved complementary specific-
ties to optimize utilization of the universal peptide pool.
he general applicability of MRTs should facilitate ra-

ional design and targeting of peptide-based prodrugs.
2000 Academic Press

Small peptides, composed of two to five protein
mino acid residues, exist in 3.3684 3 106 different
equences. Furthermore, they are flexible molecules
nd each exists in aqueous solution as a mixture of
nterconverting conformers, making the structural va-
iety present in this repertoire of compounds enor-
ous. They comprise a universal source of unrivalled
utrients, and peptide transporters occur in all organ-

sms to transfer these polar molecules across mem-
ranes [1–5]. Here, we address the problem of molec-
lar recognition faced by these transporters in
ptimizing their ability to handle all components of
his peptide pool. The essential features of substrate
pecificity of peptide transporters have been deter-
ined from transport studies and ligand binding as-

ays and are common in all organisms. Substrates

1 To whom correspondence should be addressed. Fax: 44 (0) 1248
70731. E-mail: j.w.payne@bangor.ac.uk.
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roup; a free, C-terminal carboxylate; all L-stereo-
hemistry and a trans peptide bond; in short, features
hared by all peptides [1–7]. Some modifications to the
asic structural features can be tolerated, which makes
eptide transporters attractive targets for delivery of
herapeutic peptidomimetic drugs [3, 5–9]. Escherichia
oli and Salmonella typhimurium possess three arche-
ypal peptide transporters: the ABC transporters Dpp
nd Opp [2, 6, 10–12], and Tpp, which is energized by
proton motive force [2, 6]. Similarly, studies of mam-
alian di- and tripeptide uptake in the intestine

howed it contains (at least) two systems for these
ubstrates, but longer peptides are not absorbed [1, 4,
, 13]. PepT1 and PepT2, analogous to Dpp/Tpp, have
een characterized in mammalian intestine and kid-
ey and are single protein transporters energized by a
roton gradient [5, 14, 15]. X-ray crystal structures of
he periplasmic peptide-binding proteins DppA and
ppA with bound ligands, have revealed how the

harged termini are stabilized, and side chains accom-
odated in cavities containing variable water mole-

ules [7, 16, 18–20]. However, even with all this de-
ailed information, it has still not been possible to
xplain why some peptides are good substrates and
thers are poor, making it difficult to predict affinities
nd to design peptide mimetics that can exploit peptide
ransporters for their delivery and bioactivity.

ATERIALS AND METHODS

Peptide uptake assays. Transport of peptides was measured us-
ng fluorescence and radioactive techniques [2, 6] with peptide trans-
ort mutants described previously [6]. The relative abilities of pep-
ides to compete for uptake with toxic peptides, e.g., GV was
easured from their capacities to decrease the sizes of inhibition

ones around GV in a modified agar plate assay (unpublished). A
embrane filtration assay was used to measure ligand binding to
ppA and DppA as described [6].

Conformational analyses of peptides. Peptides were modeled us-
ng SYBYL 6.2 and 6.4 (Tripos Inc., St. Louis, MO). Preformed amino
cid fragments were joined to construct molecules with the required
equence and chirality, and charges were assigned. Default SYBYL
tom types were generally applied except for protonated amino
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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roups and carboxylate oxygens, which were assigned N.4 and O.co2
tom types, respectively. Minimized starting structures, with trans
bonds, were submitted to Random Search for between 1K and 50K

terations, with all rotatable bonds free to be searched; on occasions,
esults for several independent searches on a peptide were combined.
nique conformers were distinguished using an RMS threshold of
.2 A with chirality checking and an absolute energy cutoff of 70
cal/mol. Each conformer was minimized using the Powell method
ith gradient termination, and its energy calculated using Tripos

orce field and Pullman charges. Implicit aqueous solvation was
pplied using a distance-based dielectric function with a constant of
0. Conformers were displayed in SYBYL molecular spreadsheet
ormat where calculations of Boltzmann distribution, percentage
ontribution and measurements of: N–C distance, c1, c2 (TOR2,
OR6), v1, v2 (TOR3, TOR7), f1, f2 (TOR4, TOR8) and other tor-
ional angles were carried out. For each individual peptide, c and f
ngles were divided into thirty six 10° sectors, and v torsions were
ategorized as cis or trans; the percentage contributions of conform-
rs within each c, v, f combination were summed. Data accumu-
ated from all related peptides, e.g., dipeptides, were combined and
he overall percentage contribution in all c, v, f combinations cal-
ulated. To classify the resultant nine sets of conformer structures, c,

conformational space was divided into twelve 30° sectors desig-
ated A1 to A12 and B1 to B12, respectively, and each class was
escribed by reference to its principal location within this grid, e.g.,
7B9. Distribution of N–C distance for each group of related pep-

ides, e.g., tripeptides, was determined by first dividing the maxi-
um N–C distance found into 0.5 A bins; for each individual peptide

ts percentage of conformers in each bin was calculated and this
rocedure was repeated for all related peptides to give their aggre-
ated distribution of N–C distances.

ESULTS

Our premise in this work was that common struc-
ural patterns must occur amongst peptides that pro-

FIG. 1. 3D pseudo-Ramachandran plot for dipeptides. For each
ipeptide, conformers were identified by random search. Psi, c and
hi, f space around the peptide bond was divided into 10° sectors,
nd the distribution of specific torsional angles for each conformer
as plotted against its percentage of the total conformers. Graph

hows the result of aggregating all such data for all conformers for
fty dipeptides. Psi, c and phi, f axes are divided into 30° sectors
esignated A1–A12 and B1–B12, respectively.
284
ransporter. Thus, we sought to define the molecular
ecognition template (MRT) for natural substrates of
ach transporter using the following features: (i) pres-
nce of charged N-terminal a-amino and C-terminal
-carboxyl groups, allowing electrostatic and hydro-
en-bond donor or acceptor properties; (ii) sets of
orsional angles (c, f, and v) in the backbone; (iii)
tereochemistry of a-carbon chiral centers; (iv) N–C
istance between terminal amino-N and carboxylate-C
toms; (v) chi (x) space torsional angles of side chains;

FIG. 2. Relationship between amount of peptide conformers in
7(B9 1 B12) conformations and (a) relative competitive abilities of
eptides in overcoming inhibition arising from uptake of VG by Dpp
nd (b) peptide transport by Dpp. The transport mutant PA0410
dpp1, opp2, tpp2) [6] of E. coli K12, which is sensitive to valine, was
sed. Amino acid residues are abbreviated using single letter code;
ripeptides (E) and dipeptides (F). For tripeptide conformers, an
dditional screen of N–C distance of 4.5–6.0 A was applied to iden-
ify folded conformers.
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vi) hydrogen-bond donor and acceptor properties
f peptide bond atoms; (vii) charge fields around
-terminal a-amino group and C-terminal a-carboxyl

roup. To satisfy important features above: (i) only
eptides with charged N- and C-termini were modeled,
ii) only trans v bonds were considered, and (iii) all
-residues were used. Conformational analyses of over
fty di- and fifty oligopeptides were performed. For
ach peptide a collection of conformers resulted, which
ere ranked by energy, and the percentage contribu-

ion of each calculated using Boltzmann distribution.
or every conformer present at .0.1%, psi (c) and phi

f) space was divided into 10° sectors. The distribution
f torsional angles for all conformers was computed in
YBYL spreadsheet and plotted on a 3D pseudo-
amachandran plot (3DPR), relating c, f and percent
onformer.

MRTs for dipeptides. A collection of dipeptides was
rst analyzed, selected as representative of a range of
ide chains and also as being available for experimen-
al studies. The result of aggregating the data for all
onformers for fifty dipeptides is shown in Fig. 1.
ipeptides adopt a limited set of nine combinations of
and f; for c, 250 to 285°; 1140 to 2175°; and 150 to

FIG. 3. Ball and stick representations of model peptides AA and
orsions for di- and tripeptide conformers that define the molecular
12)). For AAA, the appropriate folded forms are identified by inclu

orms can be generated by combining appropriate (c) and (f) torsion
n A7B9; (b) AA in A10B9; (c) AAA in folded A7 form; and (d) AA in
285
85°, designated A4, A7, and A10, respectively; and for
, 140 to 185°; 295 to 250°; and 2130 to 1175°,
esignated B2, B9, and B12, respectively. If peptides
ith G or P are excluded, these angular ranges become

onsiderably tighter. Conformers were screened so as
o exclude any in which side chains occupied unaccept-
ble x2 based upon the crystal structure of liganded
ppA and structural correlations found here (see be-

ow). In most cases, little or no correction was needed,
ut with bulky or charged side chains some conformers
ere disallowed. For any peptide, its percentage of

onformers in each form, e.g., A7B9 can be calculated.
These sets of conformational types were related to

ubstrate specificities determined experimentally for
pp and Tpp. For these studies, mutants possessing
nly one peptide transporter were produced in Esche-
ichia coli K12 [6], a strain that is sensitive to valine
2]. For studying Dpp, twenty three dipeptides were
ssayed as competitors for uptake of the toxic dipeptide
G (Fig. 2a) and 13 measured as transport substrates

Fig. 2b). The peptides were then ranked in order of
ffectiveness and related to the calculated subsets of
si and phi conformers populated by these dipeptides.
correlation was found with only one subset, A7(B9 1

A, illustrating psi (c) (TOR2), omega (v) (TOR3) and phi (f) (TOR4)
ognition templates of Dpp (A7(B9 1 B12)) and Tpp (A4,A10(B9 1
g N–C distances required for substrates of Dpp and Tpp. All MRT
for illustration, the following specific conformers are shown: (a) AA
B12.
AA
rec
din
s;
A4
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ccupation of any other of the combinations of psi and
hi angles. Endorsement of these conclusions also
ame from results of ligand-binding assays with DppA
2, 6] (see below). These identified relationships be-
ween unique conformers and biological activity of Dpp
ere corroborated independently by the reported crys-

al structure of GL bound to DppA [16], in which GL
ccurs as an A7B9 conformer with an N–C distance of
.6 A (see below). The conformers predicted as the
RT of Dpp have their peptide bond N and O atoms

rientated so that H-bonding with protein backbone
toms in DppA is optimized, and side chains are di-
ected so as to occupy appropriate cavities [16]. For
pp, competitive ability to protect against the inhibi-
ion resulting from uptake of VG (Fig. 4a) and direct
ssays of substrate transport (Fig. 4b) were deter-
ined in an E. coli mutant strain PA0333 lacking Dpp

nd Opp activities [6]. These relative activities were
elated to all subsets of conformers and found to cor-
elate only with the sum of A4(B9 1 B12) plus
10(B9 1 B12) conformers, a result that indicates the

orsional specificities of the MRT for Tpp. Most dipep-
ides possess a majority of their conformers in both
RT recognition types, A7(B9 1 B12) or A4,A10(B9 1
12) (Fig. 1), making them good substrates for both
pp and Tpp, whereas some, e.g., YA, FA (,10% Tpp

onformers), exist predominately in one or other type
aking them rather specific for only one system, a

eature already noted in transport studies [2]. For any
articular peptide, its lowest energy conformers may
ot be substrates for either transporter, a situation
hat is understandable when such peptides are seen as
eing only individual components of a larger peptide
ool. Dipeptides with G and/or P residues have the
ulk of their conformers with torsional angles at the
xtreme limits of the ranges defined by A7B9 etc. and,
onsequently, are expected to be poor substrates for
oth systems, although we have not moderated the
ercent conformers for GG in Fig. 2 to reflect their
ower effectiveness; in support of this conclusion, GG is
ound to be especially poorly recognized by peptide
ransporters in all tested species [1, 2, 4].

MRTs for tripeptides. Tripeptides are also trans-
orted by both Dpp and Tpp although less well than
ipeptides, making their true substrates the combined
i-, tripeptide pool (8.4 3 103 compounds). Thus, MRTs
f these transporters need to embrace conformational
eatures shared by both peptide groups. Therefore,
mongst tripeptide conformers it may be expected that
nes exist with appropriate c and f angles, and, to
chieve involvement of the critical charged termini,
ith N–C distance geometries matching those for
ipeptide substrates. To identify these tripeptide
orms, fifteen sets of dipeptide conformers were first
nalyzed for N–C distances and their overall distribu-
286
ion is shown in Fig. 5. The range for (A7(B9 1 B12))
ubstrates of Dpp was 4.5–6.0 A and for (A4,A10(B9 1
12)) substrates of Tpp was 4.0–5.5 A. A set of four-

een tripeptides, which were selected in part because of
heir availability for experimental study, was sub-
ected to conformational analysis, and the distribution
f N–C distances for their complement of conformers is
hown in Fig. 5. Screening these conformers for ones
ith A7(B9,B12) plus an N–C distance of 4.5–6.0 A

dentified a subset of matching “folded” structures as

FIG. 4. Relationship between amount of peptide conformers in
4,A10(B9 1 B12) conformations and (a) relative competitive abili-

ies of peptides in overcoming inhibition arising from uptake of VG
y Tpp and (b) peptide transport by Tpp. The transport mutant
A0333 (dpp2, opp2, tpp1) [6] of E. coli K12, which is sensitive to
aline, was used. Amino acid residues are abbreviated using single-
etter code; tripeptides (E) and dipeptides (F). For tripeptide con-
ormers, an additional screen of N–C distance of 4.5–5.5 A was
pplied to identify folded conformers.
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utative Dpp substrates (Fig. 3), and using the param-
ters for Tpp (A4,A10(B9 1 B12)) with an N–C dis-
ance of 4.0–5.5 A a further subset was identified. For
hese folded conformers, atom-based superimposition
rocedures and often even simple visual inspection,
howed they effectively matched the dipeptide-derived
RTs at the critical N- and C-termini, and the first

eptide unit (c, f, and v) and side chain; the second
eptide bond and C-terminal side chain effectively
ormed a structural unit orientated similarly to the
-terminal side chain of dipeptides allowing it to fit

nto the relevant pocket of transporter proteins. These
olded forms generally comprised just a few percent of
otal conformers. For Dpp, the percentage of relevant
olded conformers of four tripeptides was related to
esults for their transport and to their competitive
ffects on uptake of inhibitory VG, and good correla-
ions were obtained (Fig. 2); this conclusion was en-
orsed by measurements of tripeptide binding to DppA
see below). Similarly, for Tpp a good correlation was
ound for the folded tripeptide conformers identified as
utative substrates when these were related to trans-
ort rates and to competition with VG (Fig. 4). The
bility to plot both di- and tripeptides together reflects
he fact that together they comprise the substrates for
hese transporters. In accord with experiments show-
ng that only di- and tripeptides are substrates [1, 2, 4,
], analogous modeling of tetra- and higher peptides
ndicated that they cannot adopt folded conformations
ble to match adequately the MRTs of Dpp or Tpp.

Oligopeptide transporters. Opp transports oli-
opeptides, and to a lesser extent dipeptides. Crystal
tructures of liganded-OppA show analogous mecha-
isms of binding as for DppA, with charged termini
tabilized through interaction with oppositely-charged

FIG. 5. N–C distance distribution for di- and tripeptide conform-
rs. All conformers were included so that the shortest N–C values
orrespond to peptides containing cis peptide bonds. Dipeptides are
lled bars and tripeptides are cross-hatched. Bin distances are la-
eled such that e.g., maximum distribution for dipeptides occurs in
ange .5.0–#5.5 A.
287
ith associated water molecules, and backbone peptide
ond atoms hydrogen bonded to the protein [18–20]. A
ollection of over fifty peptides with three to five resi-
ues was modeled to try to identify an MRT for oli-
opeptide transporters. Individual conformers were
nalyzed as above, and for each peptide bond in turn
ercentages of conformers with their associated c, f
ngles were aggregated and plotted on separate 3DPR
results not shown); N–C distances for each conformer
ere also measured. For tripeptides, an N-terminal c
f A7 combined with a f of B9 predominates, with
7B12 present in lesser amounts; N–C distances dis-

ribute biphasically, with those around 5.5 A corre-
ponding to the above “folded” structures and ones
6.5 A representing “extended” forms (Fig. 5). With
igher oligomers, a c of A7 becomes relatively more
ominant. By analogy with the correlation of particu-
ar di-, and tripeptide conformers to the MRTs of Dpp
nd Tpp, we extracted for each oligopeptide its percent-
ge of conformers with A7B9 torsions and N–C dis-
ance .6.5 A; subsequent c, f angles (TOR6, 8, etc.)
re variable but combinations of appropriate ones can
or the present purpose be conveniently subsumed into
–C distances.
Transport specificity for Dpp and Opp is conferred by
ppA and OppA, respectively [2, 6]. Thus, for these

ransporters, substrate specificity can be measured us-
ng radioactive-ligand binding assays with purified
inding proteins [6]. For DppA, the results for di- and
ripeptide binding correlated only with the content of
onformers in the A7(B9 1 B12)-dependent MRT de-
cribed above (Fig. 6a). Similarly, for OppA, the rela-
ive binding values for eight tripeptides obtained using
ompetition for binding of [125I2]YGG, only correlated
ith the percentage conformer for each peptide present
s A7,B9 with N–C distance .6.5 A (Fig. 6b). GGG
ith very few relevant conformers is the worst

ompetitor/substrate of OppA, and in separate experi-
ents is found to be the least well transported by Opp;

ther peptides have relative transport rates in accord
ith their content of relevant conformers (results not

hown). These conclusions relating modeling predic-
ions for oligopeptides to their binding and transport
roperties by Opp, find complete support in the crystal
tructures of liganded OppA, which show that oli-
opeptides adopt what is essentially an “extended”
7B9 conformation [18–20].

ISCUSSION

Universal nature of peptide MRTs. Most studies on
omputing peptide structures have considered them as
omponents of proteins, modeling them with acylated
- and amidated C-termini and usually with the aim of

btaining precise conformational descriptions of spe-
ific, low energy conformers [21–23]. Several computa-
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ional approaches have been used e.g., ab initio, molec-
lar mechanics, molecular dynamics etc, employing
aried techniques, e.g., grid search, explicit solvation,
istance-dependent dielectric constant, etc. There have
een few computational analyses of simple, charged
eptides [24]. Our objectives here in searching for com-
on MRTs amongst collections of peptides are differ-

nt from the above and limit the computational op-
ions. For example, modeling incorporating explicit
ater molecules is not computationally sensible, but

mportantly, when we applied it to AA (results not
hown) and analyzed the resultant collection of con-

FIG. 6. Relationships between amounts of specific conformers
nd peptide binding (a) to DppA and (b) to OppA. (a) Relative abil-
ties of various peptides to compete with G-[125I]Y for binding to
ppA [6]; values are compared with AA, which was set to 100. (b)
ith OppA, [125I2]-YGG was used as substrate with tripeptides as

ompetitors [6]. Results are expressed as relative competitive values
erived from experiments using several competitor: substrate ratios.
288
hose obtained using our chosen protocol. Our ap-
roach allowed identification of structural features
hared by peptides that appear to provide the driving
orce for the molecular evolution of the complementary
ubstrate specificities of a universal group of peptide
ransporters. Features that define the MRT can be
onsidered as influencing the effectiveness of substrate
ecognition and binding in two ways. Firstly, each fea-
ure influences the conformer repertoire in solution
pon which recognition depends, and secondly, each is
equired for consolidating interactions with the trans-
orter that ensures specificity and affinity. For pep-
ides, binding/transport ability is mainly determined
y the proportion of conformers that exist in the rele-
ant MRT. Conformers exist in a dynamic equilibrium
n which the relative amounts of each class of con-
ormer remain effectively constant under fixed condi-
ions. The “effective concentration” of a substrate can
e considered as its chemical concentration multiplied
y its percent MRT. This conclusion is essentially an
lternative way of stating a central tenet of structure-
ased ligand design, that for a flexible ligand its bind-
ng affinity will be improved if its conformational mo-
ion can be restricted to that of the ligand-bound form.
he need to consider ligand conformations when at-
empting to explain relative peptide binding has been
entioned in discussions of thermodynamic results for

eptide binding to OppA [20], which show enthalpy-
ntropy compensation [20, 25]. It seems that similar
ituations may apply to the substrate specificities of
eptidases and some other enzymes. A corollary of the
resent results is that for particular peptides with
nique bioactivities e.g., enkephalins, the MRTs for
heir receptors are likely to occur amongst those high
nergy, least abundant conformers that are structur-
lly distinct from the MRTs described here, endowing
hem with unique substrate specificity and affinity.

Testing the results of modeling against biological
pecificity gave comparable conclusions with various
inding and transport assays for Dpp and Opp, and
llowed their MRTs to be identified and iteratively
efined; these structural correlations were indepen-
ently validated by the finding that peptide ligands
dopt these conformations in crystal structures of li-
anded DppA and OppA. Thus, by analogy, the pre-
icted MRT for Tpp, which is a membrane protein for
hich no crystal structure is available, can be assumed

o be correct with equal confidence. It seems probable
hat these MRTs for bacterial peptide transporters are
pplicable generally, because all will have evolved sim-
larly to recognize components of the universal peptide
ool. Thus, E. coli is a good model for mammalian
ransporters and vice versa, a view supported by ex-
ensive measurements in bacteria [1, 2], and on intes-
inal peptide transport [4, 5, 13]. Other attempts to
odel specificity of intestinal transporters have not
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ition features described here [3, 26, 27].
Knowledge of the MRTs for peptide transporters

hould permit rational design of bioactive mimetics
ble to exploit such systems, e.g., targeting of antimi-
robial agents, enhanced oral and renal absorption of
herapeutic drugs, plant growth regulators and herbi-
ides, and insecticides. Initial studies to test this ap-
roach, modeling naturally occurring antimicrobial
rodrugs [8, 9] and various therapeutic, peptidomi-
etic compounds e.g., ACE inhibitors, penicillins, and

ephalosporins support this expectation (unpublished
esults).
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