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Affinity prediction for substrates of the peptide transporter PepT17
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A quantitative method has been developed for determining the
affinity of substrates for the peptide transporter PepTl,
allowing oral availability of drugs via PepT1 to be estimated.

PepTT1 is an essential protein expressed in the upper intestine of all
mammals, and it facilitates the active uptake into the bloodstream
of di- and tripeptides derived from food." Of particular importance
medicinally is the ability of PepT1 to transport certain hydrophilic
drugs into the circulatory system, facilitating the oral bioavail-
ability of pharmaceuticals that might otherwise need to be
administered intravenously. Examples of such drugs include the
penicillin and cephalosporin antibiotics, and the antihypertensive
drugs captopril and enalapril,? whilst the transport of the non-
peptidic drugs acyclovir and L-dopa have been improved by
converting them into hydrolysable derivatives that are recognised
by PepT1.34

Although PepT]1 is able to transport an amazingly diverse range
of substrates, there are clearly key structural features necessary for
rapid transport (Fig. la). Thus, di- and tripeptides are generally
transported efficiently, whilst amino acids and tetrapeptides (or
larger peptides) are not; many P-lactam antibiotics are rapidly
transported, but B-amino acid dipeptides are poor substrates;
alanyl anilides have high affinity, whilst dipeptides of the
stereochemistry L-Xaa-D-Xaa do not.
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Fig. 1 (a) 2D’ features of PepT1; (b) PepT1 substrate template.
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In 2000, we published a template model for predicting whether
substrates would have low, medium or high affinity for PepT1
(Fig. 1b).° Since then, Thondorf’s group have used computer
modelling to refine the analysis for dipeptides® and tripeptides/
B-lactams,®” but the range of substrates was limited, and access to
the parametized software is required for use by others. Herein we
propose a simple, quantitative predictor for the binding of
substrates to PepT1, based on our template model.

Our analysis was carried out in 3 stages.

(a) Defining the configuration of the first peptide bond, and the
conformation of the first residue, based on recent studies.’

(b) Examination of the K/K,, (defined as K) values for a range
of substrates (Table 1), with particular attention to those with
unexpectedly high or low binding (see Fig. 2).

(c) Using the template model in Fig. 1b, parameters were
associated with each recognition feature, and these were optimised
empirically to achieve a good linear correlation against the
experimental log K values.®

Each of the factors that contribute to the binding are
summarised below, with their parameter range in brackets.®

(1) An N-terminal -NH;" group (+2 — —2).

(2) Stereochemistry at C, of R' (+1 — —1).”

(3) Planar backbone from N-terminal C, to R? (+1 — 0).”?

(4) A hydrogen bond to the first peptide C=O (+1 — 0).

(5) No alkylation of N*amide NH (0 — —1).

(6) Stereochemistry at C,, of R? (+2 — —2).

(7) Hydrophobic pocket for R?, possessing a strong directional

vector as indicated (+2 per aryl group — —1).

(8) A carboxylate binding site (+2 — 0).

(9) For larger substrates: (a) space for side-chain R* (0 — —2).

(b) an alternative (tripeptide) carboxylate binding site (+2 — 0).

(10) Size: M, < 300 (—1), M, > 300 (—2).

The aggregate of these terms generated a total binding
parameter 7T (see Table 2 for examples); scaling this by a factor
of 2.8 gave calculated binding energies in kJ mol ', which are
plotted against log K in Fig. 3.

The model effectively identifies four key binding sites (factors 1,
4, 7, and 8/9b), whilst the 3D layout of the template is defined by
the other stereochemical features. It is the aggregate effect of all of
these factors that governs whether substrates have high, medium,
or low affinity for PepT]l.

The linear correlation in Fig. 3 indicates that our model allows
the prediction of AG within +4 kJ mol™'; given the standard
errors in determining K experimentally, our model generally
predicts binding to within +2 kJ mol ! (i.e. K within a factor of
3), and is applicable across a wide range of tissue and cell systems.
It is noteworthy that we used a very diverse range of substrates in
order to thoroughly explore the structural requirements for
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Table 1 Calculation of the binding paramter (7) for 50 potential
substrates of PepT1 with structural diversity, taken from a wide range
of tissue types (see refs)

AG/K] Est.
Entry Substrate K/mM logk mol™! T'AG Ref.
1 L-Dopa-Phe 003 —152260 9 252 4
2 Ala-NH-C¢Hy4—(4Ph)  0.03  —1.52 26.0 8 224 10
3 Gly-Ala 0.032 —1.49 258 8 224 lla
4 Gly-Val 0.032 —1.49 258 8 224 12
5 Ala-Ala 0.08 —1.10 23.5 8 224 12
6 Phe-Tyr 0.1 —-1.00 23.0 9 252 13
7 Asp-Ala 0.12 —-092 225 8 224 lla
8 Ala-Ala-Ala 0.16 —0.80 21.8 8 224 13
9 Ser-Ala 0.21 -0.68 21.1 8 224 lla
10 Phe-Ala 0.21 —-0.68 21.1 8 224 lla
11 Arg-Ala 022  —0.66 21.0 8 224 1la
12 Phe-Pro 023 —0.64 209 7 19.6 lla
13 Ala-Pro 025 —0.60 20.7 7 19.6 lla
14 Ala-(trans-thio)-Pro 0.3 -0.52 202 6 16.8 14
15 Ala-NH-C¢Hs—(4Me) 034 —0.47 199 6 16.8 10
16 H,NCH,COC,H,CO,H 0.4 —-0.40 195 7 19.6 19
17 Val-Lys 0.64 —0.19 183 7 19.6 15
18 L-Loracarbef 0.7 —-0.15 18.1 7 19.6 16
19 Val-Acyclovir 074 —0.13 180 7 19.6 17
20 Phe-Tyr-NH, 0.9 -0.05 175 7 19.6 13
21 Ala-Ala-D-Ala 0.99 0.00 173 6 168 13
22 Enalapril 1.1 0.04 170 5 140 18
23 H,N-(CH,)4~CO,H 1.14 0.06 169 6 16.8 19
24 D-Phe-Ala 1.14 0.06 169 6 168 20
25 Pro-Ala 1.26 0.10 16.7 6 16.8 1la
26 D-Phe-Gly 1.7 0.23 159 6 168 lla
27 D-Loracarbef 1.8 0.26 15.8 5 140 16
28 Ac-Phe 2 0.30 155 5 140 13
29 D-Amoxycillin 2 030 155 5 140 16
30 D-Phe-Glu 2.15 033 153 5 140 20
31 Ala-NH-Ph 2.9 046 146 5 140 10
32 D-Ala-Ala-Ala 3.04 048 145 6 168 13
33 4-(H,NCH,)C¢H,CO,H 3.1 049 144 5 140 21
34 Captopril 4 0.60 13.8 4 11.2 18
35 3-H,N-C¢H4CH,CO,H 6 0.78 128 4 112 11b
36 Ala-D-Ala-Ala 6.43 0.81 126 4 11.2 13
37 4-H,N-C¢H4CH,CO,H 6.5 0.81 126 4 11.2 22
38 Ac—Phe-Tyr 8.4 092 119 5 140 13
39 Ac—Phe-Tyr-NH, 10 1.00 11.5 3 84 13
40 4-H,N-C¢H4CO,H 10.6 1.03 11.3 4 112 11b
41 Ala-NH-CH,Ph 14.1 1.15 106 4 11.2 10
42 D-Phe-L-Pro 21 132 96 5 84 l1la
43 Ac-Phe-NH, 22 1.34 95 3 84 13
44 Ala-D-Phe-Ala 22.7 1.36 94 3 84 23
45 Phe-NH, 50 .70 7.5 2 56 13
46 Phe 100 200 57 2 56 13
47 HoN—(CH,);CO,H  >50 - — 2 56 19
48 L-Dopa >100 — — 2 56 4
49 Acyclovir >100 — — 0 0 17
50 Cyclo(Gly-Gly) >100 — —  —1(-238) 24

binding—e.g. 7 classes of compounds, but only a small number of
peptides, to avoid biasing the analysis to natural substrates. We
also attempted to use computer modelling to provide a
quantitative prediction of binding, but this was less successful
than our manual approach.”

It is clear that our manual approach can only be approximate,
but the surprisingly good correlation is probably helped by the
nature of the binding of substrates to transporter proteins in
general, and to PepTl in particular. Substrates generally bind
relatively weakly to transporters because rapid release is necessary
after transport—e.g. high affinity substrates for PepT1 bind in the
0.1-1 mM range, whereas nM binding to enzymes is common. For
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Fig. 2 Selected substrates that were used to determine the binding
parameters. Numbers in brackets refer to entries in Table 1. Substrates 1-3
explore the required amino—carboxylate distance, and amide bond
features; substrates 4-6 explore the hydrophobic pocket; substrates 7
and 8 explore tripeptides/p-lactams, with 8a being the bound conformation
for B-lactams.

Table 2 Examples of 7 calculation for PepT1 substrates

Entry Substrate 123456 7 8 9 10 T
5 Ala-Ala 211102 0 2 — —-138
15 Ala-NH-CgH,(4Me) 211100 2 0 — —-16
25 Pro-Ala 06011102 0 2 — —-16
35 3-H,N-C¢H4CH,CO,H 0 0 1 0 02 0 2 — -1 4
45 Phe-NH, 21110 — — — — —-14

26 -

24

22 1

20 4

Estimated &G {kJ/mol

.20 15 -1.0 05 0.0 05 1.0 15
Experimental data (Log k)

Fig. 3 Linear correlation of AG (y-axis, calc., kJ mol ') against log K.

PepT1, the structural diversity of di- and tripeptide substrates is
accommodated by utilizing several low energy interactions, which
means that the overall binding is only slightly affected by each
factor; similarly, the calculated binding is relatively tolerant of
inaccuracies in any one of the binding factors. It is also important
to note that substrates with medium/high affinity are almost

324 | Chem. Commun., 2006, 323-325

This journal is © The Royal Society of Chemistry 2006



always transported by PepT1,” so medium/high affinity substrates

are almost certain to be orally absorbed.

There are several interesting and important observations
concerning the structures of the substrates, and the estimation of
their binding to PepT1, and three are highlighted here.

(a) Most substrates that can be mapped onto a di- or tripeptide
skeleton, with free amino and carboxylic acid groups, will bind at
least quite well; however, mismatched stereochemistry seriously
diminishes this (e.g. compare entries 8, 21, 32, 36), whereas optimal
use of the R? binding pocket can offset the lack of a carboxylic
acid group (e.g. entries 2, 15).

(b) It is intriguing that B-lactams (entries 18, 27, 29) apparently
have the ‘wrong’ stereochemistry at C,, of residue 2 (derived from
D-amino acids), but the 4-membered ring allows them to be
mapped onto the template structure of Fig. 1b by a 180° rotation
(see structure 8a), so that the configuration is now appropriate for
binding and transport.

(c) There is evidence from work with PepT2 that substrates with
large groups at R! would not be transported;® in contrast, we
have attached extremely large groups at R? of dipeptide analogues
(e.g. steroidal esters linked to Asp/Ser), and still observed
transport—this may be important for drug delivery.?

In conclusion, this paper describes a simple quantitative analysis
for the binding of substrates to PepT1, which is a good indicator
of transport via PepT1, and this should be of value in the design
of medicinally important compounds that have good oral
bioavailablity via the PepT1 mechanism.
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As expected, our quantitative model is a good predictor of the binding
of new substrates, as evidenced by the derivatives shown below, which
were chosen to probe details of stereochemistry at residue 1 (ref. 7a), and
at the Ist peptide bond (ref. 7b).

Substrate K/mM T Keue Ref
*—L R-H 225 5 36 Ta

l *=p R=H 037 7 038 7a
HN N N OO LLR=Me 104 5 36 7a
o R *=D R=Me 032 7 038 7a
Gly-Sar-Ala 054 7 038 7a
Ala—Sar-Ala 1.19 7 038 7a
D-Ala-Sar-Ala 588 5 36 Ta
Aib-Sar-Ala 473 5 36 Ta
trans-Ala-¥[CS-N]-Pro 036 7 038 7b
cis-Ala-F(CS-N)-Pro >4 5 36 b
Ala-Ser(OBn) 023 7 038 7b
Ala-P[CS-N]-Ser(OBn) 029 7 038 7b
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