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Two possibilities exist for the evolution of individual enzymes/proteins from a milieu of amino acids, one based
on preference and selectivity and the other on the basis of random events. Logic is overwhelmingly in favour of
the former. By protein data base analysis and experiments, we have provided data to show the manifestation of
two types of preferences, namely, the choice of the neighbour and its acceptance from the amino end (left) or
the carboxyl end (right). The study tends to show that if the 20 proteinous amino acids were made to combine in
water, the resulting profile would be nonrandom. Such selectivity could be a factor in protein evolution.

[Ranganathan S, Kundu D and Vudayagiri S D 2003 Protein evolution: intrinsic preferences in peptide bond formation: a computational

and experimental analysis; J. Biosci. 28 683-690]

1. Introduction

Decades ago, Bernal conjectured that were the 20 pro-
teinous amino acids be allowed to condense in water,
under ambient conditions and pH, the resulting pep-
tide/protein sequence will be nonrandom, thus setting the
stage for the presence of sequence — selective peptides/
proteins, prior to the evolution of the genetic code and
the ensuing instructed protein synthesis (Bernal 1967).
Over the years, this notion has received indirect support.
The sequences arising from thermal polymerization of
coded amino acid mixtures was found nonrandom (Harada
and Fox 1965). The extensive protein sequences data
currently available strongly suggests such preferences.
The delineation of such preference profiles in proteins
has been used to analyse binding sites in proteins (Villar
and Kauvar 1994), short sequence regularities (Rani and
Mitra 1994, 1996; Vonderviszt et al 1986), possible com-
position of early proteins (Kolaskar and Ramabrahmam
1982), mapping of evolutionary trees (Doolittle 1989)
and classification of organisms (Erhan 1978). X-ray stud-
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ies of mixed crystals of amino acids have shown intrinsic
alignment for selective peptide bond formation (Vijayan
1988). Amino acid neighbour preference profile is the
focus of experiments to demonstrate, chiral evolution
(Kricheldori et al 1985), ambient nonrandom polymeriza-
tion of peptides (Tyagi and Ponnamperuma 1990; Dose et
al 1982) and theories relating to the evolution of self-
organizing systems (Dose et al 1982; Orgel 1992; Ranga-
nathan and Ranganathan 1981; Walder et al 1979) and
enzyme-directed peptide synthesis (Ranganathan et al
1999).

Developments in biochemistry, X-ray crystallography,
organic chemistry and analytical methodology, in the
ensuing period have enabled us, using computation
and experiments, to address this question (Bernal 1967).
We have looked for imprints of preference profile in
peptide bond formation, amongst present day proteins,
in terms of their primary and secondary structures and
demonstrate experimentally whether these are intrinsic
to the amino acid and not related to it being part of a
protein.
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2. Materials and methods
2.1 Computer analysis

The data base for studies reported here was constructed
by tandem computer analysis of sixty proteins (present in
nature, having ten thousand residues) in the domains of
enzymes, inhibitors, globins, cytochromes, ferredoxins, met-
aloproteins, immunoglobulins, hormones, toxins, ribosomal
proteins, muscle proteins, structural proteins and miscel-
laneous proteins. In all these cases, the 3D structures were
established by high resolution X-ray crystallography. [PDB-
codes: lacx, laec, 2pab, 2aza, 5cpv, 3cpa, lcrn, 1cse, 1csr,
2cna, 1a5d, 1hre, 2fre, lcpt, 351c, 1cyo, 1eb7, 8dfr, 2era,
1a6l, 1ahn, 3grs, 2hmg, 2mhr, 1eca, 1a3n, 3hhb, 1ctf, 1fb4,
1dcl, 1flg, lbww, 9ins, 1neh, 2pka, 6ldh, 7lyz, 1681,
1lpr, 2mitlaém, lovo, 1ppt, 1bxoh, 1plc, 3rpz, 1lruv, 7rsah,
7rxn, 1snb, 1d6t, 1ton, 5tnc, 1tro, 2ptc, Spti, 1ubi, 1wgt.]

Gross neighbour preference involved in peptidation for
each of the 20 proteinous amino acids in the basic set was
generated; and at the same time, a parallel set was con-
structed based on the assumption that there is a non-
preference in the choice of neighbours. Analysis of the
basic set was aso carried out to determine a second ele-
ment of preference: namely: the placement of the
neighbour either to the left or to the right of the central
residue. The protocols used in the analysis have been
reported by us (Ranganathan et al 1999).

2.2 Experimental

2.2a General: All amino acids used were of L-con-
figuration. '"H NMR spectra were obtained on WP 80
Bruker instrument at 80 MHz in CDCl;. The chemical
shifts were recorded in ppm with TMS at 000 as the
internal standard or as the external reference. IR spectra
were recorded on PE 1600 FT instrument either as neat
liquids or as KBr pellets. FAB mass was recorded using a
Jeol SX-120-/DA-600 instrument using argon (6 kV, 10 mA)
as the FAB gas. The accelerating voltage was 10 kV and
the spectra were recorded at room temperature with
m-nitrobenzyl alcohol as the matrix. Elemental analysis
was carried out in automatic C, H, N analyser. Silica gel
G (Merck) was used for thin-layer chromatography
(TLC) and column chromatography was carried out on
silica gel (acme 100—200 mesh) column, which were gene-
rally made from slurry in benzene or hexane or ethylace-
tate. Reactions were monitored whenever possible by
TLC. The organic extracts were invariably dried over
anhydrous. MgSO, and solvents were evaporated
in vacuo. HPLC was performed on a reverse phase col-
umn [Shim-pack CLC-ODS(M)], using UV-VIS spectro-
photometric detector (Shimadzu SPD-6AV) at 210 nm.
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The N-Tosyl-Pro, Gly, Leu, Phe, Trp and their methyl
ester hydrochlorides were prepared by reported proce-
dures.

2.2b General procedure-l: a-amino acid coupling: Syn-
thesis of peptides (DCC/HOBt method):  N-hydroxybenzo-
triazole (HOBt) (1 mmol) and dicyclohexylcarbodiimide
(DCC) (1 mmol) were added sequentially at 0°C either to
a stirred solution of N-protected amino acid (1 mmol) in
dry CH,Cl, (20 ml) or to a mixture of dry DMF and
CH,Cl,. After a period of ~ 025 h, the reaction mixture
was admixed either with the amino acid methyl ester
[freshly prepared at 0°C from the corresponding ester
hydrochloride (12 mmol)] and triethylamine (12 mmol)
in dry CH,CI, or in a mixture of dry DMF and CH,Cl..
The combined mixture was left stirred at room tempera-
ture for 48 h, the precipitated DCU was filtered and the
residue was washed with CH,Cl, (2x 20 ml) and the
combined filtrates were washed sequentially with cold
2N H»SO, (20 ml), water (20 ml) and saturated bicar-
bonate solution (20 ml). The organic extract was dried
over anhydrous MgSO, and evaporated in vacuo. The resi-
due was, in most cases, directly crystallized from ethyla-
cetate-hexane or purified on a short column of silica
gel using ethylacetate-benzene or ethylacetate-hexane as
eluents.

(i) Ts-Pro-Pro-OMe (57%): Mp. 105°C; IR (KBr) 2957,
2924, 1748, 1664, 1597, 1150 cm™; *H NMR (CDCl3)
d 1569228 (m, 8H, Pro C°H, x 2 + Pro C%H, x 2), 2:87
(s, 3H, tosyl CHj), 387 (m, 2H, Pro C%H,), 369 (s+ m,
5H, COOCHz+Pro CU%H,), 481-4%8 (m, 2H, Pro
C?H x 2), 728, 781 (d, d, 4H, aromatic); FAB MS: m/z
381 (M + H)*; anal. calcd. for CigH24SN,Os: C 5684, H
6:31, N 7586; found C 5782, H 642, N 7562.

(i) Ts-Pro-Gly-OMe (56%): IR (neat) 3390, 2953, 1749,
1672, 1596, 1527, 1160 cm™; *H NMR (CDCl3) d 1x44—
26 (m, 4H, Pro C°H, + Pro C%H,), 263 (s, 3H, tosyl
CHgz), 30-347 (m, 2H, Pro C%H,), 381l(s, 3H,
COOCH,), 391-444 (m, 3H, Pro C?H + Gly CH,), 787,
7%8 (d+ m, 5H, aromatic + Gly NH)); FAB MS: m/z
341 (M + H)*.

(iii) Ts-Gly-Pro-OMe (50%): Mp. 60-61°C; IR (KBr)
3233, 2954, 2926, 1742, 1646, 1160cm™; 'H NMR
(CDCl3) d 15652584 (m, 4H, Pro C°H, + Pro C%H,), 2:47
(s, 3H, tosyl CHj), 384-3%62 (m, 2H, Pro CH,), 369
(s+d, 5H, COOCH; + Gly CH,), 441 (m, 1H, Pro C®H),
5%3 (m, 1H, Gly NH), 7:81, 78 (d, d, 4H aromatic); FAB
MS: m/z 341 (M + H)*; anal. calcd. for Ci;sH,0SN,Os: C
52>04, H 5:88, N 8:223; found C 52569, H 592, N 7:83.
(iv) Ts-Gly-Gly-OMe (55%): Mp. 91-92°C; IR (KBr)
3412, 3143, 1746, 1646, 1536, 1165 cm™*; *H NMR (CDCl5)
d 241 (s, 3H, tosyl CHs), 365 (s+m, 5H, COOCH; +
Gly CH,), 4% (d, 2H, Gly CH,), 603 (m, 1H, Gly NH),
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781, 7%8 (d + m, d, 5H, aromatic + Gly NH); FAB MS:
m/z 301 (M + H)"; anal. calcd. for C;,H16SN,0s: C 48%,
H 583, N 9:83; found C 4827, H 583, N 9:24.

(v) Ts-Pro-Leu-OMe (54%): Mp.100-102°C; IR (KBr)
3263, 2956, 1746, 1653, 1559, 1157 cm™; H NMR
(CDCl3) d 0594 (d, 6H, Leu CHs x 2), 1:84-2% (m, 7H,
Leu C°H, + Leu CH + Pro C°H, + Pro CH,), 243 (s,
3H, tosyl CHj), 3%5 (s+ m, 5H, Pro C°H, + COOCH,),
46 (m, 1H, Pro C?H) 463 (m, 1H, Leu C?H), 787, 7¥8
(d+m, d, 5H, aromatic + Leu NH); FAB MS. m/z 397
(M + H)"; anal. calcd. for CioHpsSN,0s: C 57557, H 7%7,
N 7>07; found C 57550, H 679, N 6:85.

(vi) Ts-Leu-Pro-OMe (48%): Mp.124-126°C; IR (KBr)
3137, 2953, 1758, 1639, 1598, 1167 cm™; *H NMR (CDCl5)
d 094 (d, 6H, Leu CH; x 2), 148-245 (brm, 7H, Leu
C°H, + Leu CH + Pro C°H, + Pro C%H,), 241 (s, 3H,
tosyl CHz), 387 (m, 2H Pro C°H,) 3%65 (s, 3H, COOCH,),
3%72—4X2 (m, 2H, Pro C*H + Leu C*H), 547 (d, 1H, Leu
NH), 7528, 7%2 (d, d, 4H, aromatic); FAB MS: m/z 397
M+ H)".

(vii) Ts-Leu-Leu-OMe (60%): Mp.124°C; IR (KBr)
3261, 2957, 1726, 1657, 1597, 1527, 1166 cm *; *H NMR
(CDCl3) d 081 (d, 12H, Leu CHj x 4), 149-1>87 (m, 6H,
Leu C°H, x 2+ Leu CH x 2), 225 (s, 3H, tosyl CHy),
3%2 (s+ m, 4H, COOCHjs + Leu C*H), 487 (m, 1H, Leu
C?H), 603 (d, 1H, Leu NH), 65 (d, 1H, Leu NH),725,
758 (d, d, 4H, aromatic); FAB MS: m/z 413 (M + H)".
(viii) Ts-Pro-Phe-OMe (57%): IR (neat) 3396, 2953,
1744, 1674, 1597, 1517, 1161 cm™*; *H NMR (CDCl;) d
1:81-166 (M, 4H, Pro C°H, + Pro C%H,), 2941 (s, 3H,
tosyl CHj), 2:88-347 (m, 4H, Phe C°H, + Pro C%H,)
3%5 (s, 3H, COOCH3), 403 (m, 1H, Pro CH) 481 (m,
1H, Phe C?H), 70-781 (m+d, 10H, aromatic + Phe
NH); FAB MS: m/z 431 (M + H)*; anal. calcd. for C,Hos
SN,Os: C 61589, H 604, N 651; found C 617, H 603,
N 6x48.

(iX) Ts-Phe-Pro-OMe (51%): IR (neat) 3190, 2924, 1744,
1638, 1598, 1161 cm™; H NMR (CDCl;) d 1:41-1:87
(m, 4H, Pro C°H, + Pro C%,), 228 (s, 3H, tosyl CHs),
2%66-339 (m, 4H, Phe C°H, + Pro CH,), 3%9 (s, 3H,
COOCH;), 3%62—425 (m, 2H, Pro C*H + Phe C*H), 5%3
(d, 1H, Phe NH), 707—7%8 (m + d, 9H, aromatic); FAB
MS: m/z 431 (M + H)".

(X) Ts-Phe-Phe-OMe (58%): Mp.131-132°C; IR (KBr)
3349, 3317, 3258, 1741, 1662, 1597, 1541, 1159 cm*;
'H NMR (CDCl3) d 2.31 (s, 3H, tosyl CH3), 288 (m, 4H,
Phe C°H, x 2), 3%69 (s, 3H, COOCHj3 ), 3%8 (m, 1H, Phe
C?H), 463 (m, 1H, Phe C*H), 494 (d, 1H, Phe NH), 65
(d, 1H, Phe NH), 672—7569 (m + d, 14H, aromatic); FAB
MS: m/z 481 (M + H)".

(xi) Ts-Pro-Trp-OMe (53%): Mp.67—69°C; IR (KBr)
3394, 2924, 1742, 1666, 1596, 1520, 1159 cm *; *H NMR
(CDCl3) d 103-1563 (m, 4H, Pro C°H, + Pro C%H,), 2:81
(s, 3H, tosyl CHj3), 3%, 325 (m, m, 4H, Trp C"H, + Pro
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CH,) 363 (s, 3H, COOCH3 ), 40 (m, 1H, Pro C*H) 4%5
(m, 1H, Trp C?*H), 6:81-769 (m, 10H, aromatic + Trp
NH), 822 (brs, 1H, Trp ring NH); FAB MS: m/z 470
(M +H)".

(xii) Ts-Trp-Pro-OMe (62%): Mp.71-73°C; IR (KBr)
3396, 2923, 1742, 1636, 1558, 1160 cm™*; *H NMR (CDCl5)
d 1X47-104 (m, 4H, Pro C°H, + Pro C%H,), 2534 (s, 3H,
tosyl CH3), 260-3:87 (d + m, 4H, Trp C°H, + Pro C°H,)
366 (s, 3H, COOCHs), 3)94-447 (m, 2H, Pro C*H + Trp
C*H), 584 (d, 1H, Trp NH), 70-781 (brm, 9H, aroma-
tic), 881(brs, 1H, Trp ring NH); FAB MS: m/z 470
M+ H)".

(xiil) Ts-Trp-Trp-OMe (47%): Mp.120-121°C; IR (KBr)
3402, 2922, 1750, 1671, 1523, 1162cm™; 'H NMR
(CDCl3) d 281 (s, 3H, tosyl CHz), 342 (m, 4H, Trp
CH, x 2), 362 (s, 3H, COOCH; ), 3¥8-4x8 (m, 1H,
Trp C*H), 4%69-5%09 (d+m, 2H, Trp C*H + Trp NH),
6%69-842 (m, 17H, aromatic + Trp NH + Trp ring NH X 2);
FAB MS: m/z 559 (M + H)".

2.2c General procedure-ll: Reaction of proline and tar-
get amino acid (AA) with 3 equivalent amounts of water-
soluble carbodiimide in water:  Aqueous solutions of pro-
line (1 mmol, 5ml), target amino acid (1 mmol, 5ml)
and the water-soluble carbodiimide, 1-cyclohexyl-3-(2-
morpholinoethyl) carbodiimide metho-p-toluenesul phonate
(3 mmol, 5 ml) were mixed and stirred for 48 h at room
temperature. The initial pH of ~7x showed essentially
no change during this period. The reaction mixture was
treated with NaOH (0% g, 2 mmol) and was cooled (~ 0°C),
tosyl chloride (0589 g, 2 mmol) was added. The reaction mix-
ture was stirred for 4 h at room temperature, filtered (to
remove unreacted tosyl chloride). The aqueous portion
was cooled in ice, acidified with 5N HCI to pH 2, satu-
rated with NaCl, extracted with ethylacetate (3 x 20 ml),
dried over MgSO,, and evaporated. The residue was dis-
solved in minimum amount of MeOH, cooled, treated
with ethereal CH,N,, and evaporated. HPLC was perfor-
med on the residues and their composition determined by
comparison with authentic possible dipeptides (HPLC).
Duplicate runs were performed in each case.

3. Results

A comparison of the percentage occurrence of each of the
20 coded amino acids in the general data set, with those
present in the a-helix and b-sheet regions show confor-
mity with the gross structural make-up of these regions,
in terms of the augmented presence of the recognized
promoter residues (Chou 1989).

A comparison of gross neighbour preferences involved
in dipeptide formation for each of the twenty proteinous
amino acids in the basic set and in the parallel set con-
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structed, assuming a nonpreference in the choice of
neighbours is presented in table 1. The computed values
are presented as percentage deviations from the nonpre-
ference values (NPV)—and the significant deviations
(20% and above) from the basic set are highlighted. This
analysis (table 1) convincingly demonstrates pervasive
neighbour preferences across the total domain.

A second element of preference for neighbour can be
expected, that could be illustrated with the formation of a
dipeptide of alanine (Ala) with glycine (Gly), which
could result in either Gly-Ala or Ala-Gly, depending
upon the relative preference for placement of Gly either
from the amino side (left) or the carboxyl side (right) of
Ala. As could be anticipated, these preferences are un-
equal. The outcome of this analysis, where significant
aberrations are highlighted (table 2), carried out with the
basic set, clearly brings out this novel and hitherto not
reported profile.

-
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Tables 1 and 2, clearly bring out the preference-profile
in neighbour selection. However the factors that may
control this are not clear. Intrinsic preferences for peptide
formation, where the side chains play an important role,
can be shown experimentally. Such options may not be
available for a growing peptide chain. What can be done
therefore is to determine preferences in dipeptide forma-
tion and if preferences exist here, it would have arolein
protein evolution. The extent of correlation will reflect
possible roles for the side chains of amino acids in the
process.

For the experimental verification of the preference
profiles (tables 1, 2) for dipeptide formation, proline was
chosen as the central residue since this amino acid showed
a pervasive and strong preference profile across the 20
proteinous amino acids. To simplify interpretation, gly-
cine (Gly), leucine (Leu), phenyl alanine (Phe), and try-
ptophan (Trp) —having no functional groups in the side

Tablel. Percentage deviation in neighbour preference observed in atotal of 9956 pairs
from those expected on the basis of non-preference for neighbours.
A C D E F G H | K L M N P Q R S T vV W Y

+21 +5 +21 -12 -23 +5 +5 -20 +7 -18 -20 -11 -12 +17 -23 -5 -1 +12 +4 -15 A
A 141 |+8 -7 -27 -26 +56 +31 -35 -16 -29 -33 +9 +4 +16 +12 +13 -19 -9 +29 +11 C
C 43 13|(-11 +19+39 -3 -25 0O +3 -20 -5 -2 +4 -13 -4 -8 -1 +7 +31 +8 D
D 94 29 63|+42 +14 —-18 —-24 -26 +7 +22 +17 -16 +9 +3 +3 -13 -16 -1 +7 +19 E
E 86 26 57 52(-4-10 -33 +3 +9 -9 -15 0 -6 -12 +35 +9 +43 -18 -70 +4 F
F 61 19 19 37 27 +5 +3-15 -18 -13 -40 -9 +2 +16 +31 -7 -7 0 +6 G
G 144 45 97 88 63 148 [-50 0+24 +39 -22 -29 +68 +11 -13 -3 -10 -3 -29 -17 H
H 41 13 28 25 18 42 12(+41 -7 +6 -13 -13 +13 -6 +17 -10 +18 +5 +46 —-15 |
| 76 23 51 46 33 78 22 41| -4 +24 +52 —-12 -8 —-37 -34 -1 +4 +5 -41 +12 K
K 100 31 76 61 43 103 29 54 71| +1 +19 +8 +2 +2 +46 -2 -1 +6 —-19 -32 L
L 123 38 8 74 53 127 36 66 87 107|+129 +7 -13 +15 +9 —-15 -38 +4 0-31 M
M 30 9 20 18 13 30 9 16 21 26 7 +16 —26 0 +4 +19 +10 +25 +26 N
N 73 22 49 44 32 75 21 39 52 63 15 38 -3 -14 +3 +8 -7 -15 +9 P
P 74 23 49 45 32 76 22 40 52 64 16 38 Q
Q 60 19 40 37 26 62 18 33 43 52 13 31 R
R 53 17 36 32 23 55 16 29 38 46 11 28 S
S 129 40 86 78 56 132 38 69 91 112 27 67 T
T 101 31 68 62 44 104 30 55 72 88 21 B2 \%
V 113 35 76 67 49 116 33 61 81 99 24 59 w
W 24 7 16 15 10 25 7 13 17 21 5 12 Y
Y 60 19 40 37 26 62 18 33 43 53 13 31

A C D E F G H | K L M N

Non preference value

The bottom half gives the actual numbers based on non-preference values (NPV) (Ranganathan et al 1999). This can be read out
from the junction of desired neighbours (e.g. FR = 23). The top half provides the deviations actually seen from NPV. This also can
be read out from the junction of the desired neighbours (e.g. FR = + 35) denoting the actual humber seen as 23 + 23 x 35/100 = 31.
The diagonal element places the two values one above the other for identical pairs. The notable deviations are highlighted.
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Table2. Analysisof neighbour (left-right) preferences (62 proteins, 9416 residues).

A 85/85 21/24 56/58 32/44 24/23 78/73 27/16 34/27 52/55 55/46 15/9 30/35 32/33 36/34 21/20 61/62 51/49 64/63 12/13 23/28
C 24/21 7/7 10/17 9/10 4/1041/29 6/11 7/8 14/1212/15 4/2 17/7 14/1013/9 9/10 23/22 _9/1613/19 6/3 _7/14
D 58/56 17/10 28/28 32/36 32/25 50/44 _6/15 27/24 31/38 37/29 _4/15 22/26 23/28 15/20 10/10 47/32 35/32 31/50 8/13 30/13
E 44/3210/9 36/32 37/37 23/20 37/35 9/10 12/22 29/36 51/39 14/7 21/16 17/32 22/16 15/18 33/33 22/30 32/34 12/4 18/26
F 23/2410/4 25/32 20/23 13/13 21/36 3/9 16/18 27/20 25/23 6/5 16/16 23/7 11/12 18/13 31/3032/3116/24 2/1 15/12
G 73/78 29/41 44/50 35/37 36/21 80/80 24/20 48/32 48/40 53/51 15/11 22/23 25/44 29/34 35/29 80/93 54/43 55/53 _9/16 34/32
H 16/2711/6 15/6 10/9 9/3 20/24 3/3 9/13 22/1428/22 2/5 5/10 22/15 7/13 6/8 16/2114/1316/16 2/3 5/8
| 27/34 8/7 24/27 22/12 18/16 32/48 13/9 29/29 26/24 25/45 7/7 18/16 32/13 15/16 13/21 29/33 35/30 38/26 7/12 19/9
K 55/52 12/14 38/31 36/29 20/27 40/48 14/22 24/26 34/34 54/54 15/17 27/19 19/29 11/16 14/11 53/37 32/43 44/41 3/7 29/19
L 46/55 15/12 29/37 39/51 23/25 51/53 22/28 45/25 54/54 54/54 13/18 33/35 42/23 30/23 37/30 59/51 46/41 47/58 6/11 14/22
M
N
P
Q
R
S
T

_9/15 2/4 15/4 _7/14 5/6 11/15 5/2 7/7 17/1518/13 8/8 88 7/7 7/8 7/5 10/13 7/6 13/12 3/2 5/4
35/30 _7/17 26/22 16/21 16/16 23/22 10/5 16/18 19/27 35/33 8/8 28/28 20/24 12/11 11/17 32/38 32/30 38/27 8/7 19/20
33/32 10/14 28/23 32/17 _7/23 44/25 15/22 13/32 29/19 23/42 7/7 24/20 14/14 11/20 _8/16 44/25 25/32 33/22 9/2 16/19
34/36 9/13 20/15 16/22 12/11 34/29 13/7 16/15 16/11 23/30 8/7 11/12 20/11 21/21 16/17 22/3316/17 17/18 7/5 14/19
20/2110/9 10/10 18/15 13/18 29/35 8/6 21/13 11/14 30/37 5/7 17/1116/8 17/16 12/12 18/1913/1528/23 4/5 7/12
62/61 22/23 32/47 35/33 30/31 93/80 21/16 33/29 37/53 51/59 13/10 38/32 25/44 33/22 19/18 56/56 47/45 44/49 15/9 35/26
49/51 16/9 32/35 30/22 31/32 43/54 13/14 30/35 43/32 41/46 6/7 30/32 32/25 17/16 15/13 45/47 30/30 45/47 10/6 26/27
V 63/64 19/13 50/31 34/32 24/16 53/55 16/16 26/38 41/44 58/47 12/13 27/38 22/33 18/17 23/28 49/44 47/45 46/46 10/15 16/18
W 13/12 3/6 13/8 _4/12 12 16/9 3/2 12/7 7/3 11/6 2/3 7/8 2/9 5/7 54 _9/15_6/1015/10 1/1 4/5
Y 28/2314/7 13/30 26/18 12/15 32/34 8/5 9/19 19/29 22/14 4/5 20/19 19/16 19/14 12/7 26/3527/26 18/16 5/4 14/14

A Cc D E F G H I K L M N P Q R S T \Y, W Y

Central residue

From the bottom line any of the twenty amino acids can be chosen as the central residue and the left-right preferences with respect
to any of the twenty amino acids directly read out. For example for the central residue F the profile with respect to P, is
PF: FP:: 7:23 and conversely for the central residue P with respect to F, is FP: PF:: 23: 7. The significant results are high-

lighted.

chain and which should reflect the consequences of in-
creasing steric requirements —were selected as partners
for peptidation with proline.

The experimental procedure envisaged the peptidation
of proline, individually, with Gly, Leu, Phe, and Trp, in
water at pH ~ 7 using a water-soluble carbodiimide con-
densing agent and subsequent analysis of the resulting
dipeptides. Each such peptidation, involving amino acid
AA and Pro can give four dipeptides, Pro-Pro, AA-Pro,
Pro-AA, and AA-AA. Authentic samples of 13 dipeptides
that can arise from the four sets, were prepared, ends pro-
tected and conditions standardized for their clean separa-
tion and identification by HPLC. The profiles of the
standards thus secured, are presented in table 3.

Products from each peptidation, involving Pro and Gly,
Leu, Phe and Trp in water at pH 74, with the water-
soluble condensing agent, were processed precisely as with
the standards, and their yields and percentage distribution
were determined, by HPLC. The results are presented in
table 4 together with left-right preferences from the data
base.

Analysis of the results would be facilitated by exami-
nation of likely pathways involved in the peptidation

L

(figure 1). The first step in the peptidation leading to the
formation of the activated ester involving zwitterionic
AA and Pro, proceeds most likely by proton transfer-
mediated carboxylate addition (top of figure 1). In both
cases the activated ester, expected to be present in low
concentrations at any time, is stabilized against polymeri-
zation by equilibrium favoured nitrogen protonation. The
crucial peptidation step (figure 1), generally considered
as proceeding through a six-membered transition state
(Bodanzky and Bodanzky 1994), as envisaged here, would
be encouraged by favourable electrostatic interaction
with the termini of the emerging dipeptides. On the other
hand, increasing steric requirement of the amino acid side
chain would not only make such electrostatic interactions
difficult, but also the actual peptidation involving nucleo-
philic addition followed by elimination of the condensing
agent.

The complete absence of Pro-Pro in the entire set (table
4) must be due to steric overcrowding at the peptidation
step contributed by the rigid proline frame (figure 1). The
highly negative (—28%) preference for Pro-Pro peptida-
tion, seen in the data base (table 1) is in good agreement
with the experimental finding. A superficial ordering of
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Table3. HPLC profile of authentic N, C-protected

dipeptides.

Sub Flow Retention

set Dipeptide Mobile phase rate time (min)

A Ts-Pro-Pro-OMe MeOH : H,O 885
Ts-Pro-Gly-OMe i 08 ml/min 686
Ts-Gly-Pro-OMe 60: 40 689
Ts-Gly-Gly-OMe 525

B Ts-Pro-Pro-OMe MeCN : H,0O 6228
Ts-Pro-Leu-OMe i 08 ml/min 1065
Ts-Leu-Pro-OMe 60 : 40 9%9
Ts-Leu-Leo-OMe 12>68

C Ts-Pro-Pro-OMe MeCN : H,O 626
Ts-Pro-Phe-OMe e 08 ml/min 11.16
Ts-Phe-Pro-OMe 60: 40 925
Ts-Phe-Phe-OMe 13%67

D Ts-Pro-Pro-OMe MeCN : H,O 624
Ts-Pro-Trp-OMe i 08 ml/min 98
Ts-Trp-Pro-OMe 60: 40 8
Ts-Trp-Trp-OMe 1066

Table 4. Experimentally determined proline (P) dipeptide distribution in the condensa-
tion in water of proline with amino acids (AA) having side chains without functional
groups mediated by water-soluble carbodiimide.

&m. B ?\f T OT
0] O—-N-C-N —~CH 3):@ oTe HN/EQ@H H’N/Mk{j\(coo“

g T-Z

Jeq, 2d
Experimental Data base
Amino acid (AA) P-P AA-P P-AA AA-AA  AA-P  P-AA
Glycine 0 0 100 0 36 64
(118%)
Leucine 0 59 41 0 65 35
(16%) (11%)

Phenylalanine 0 74 26 0 77 23

(129%) (44%)
Tryptophan 0 100 0 0 18 82

(17%6%)

The isolated yields of the dipeptides are given in brackets. The relevant database informa-
tion is also presented.

| Vol. 28 | No. 6 | December 2003



Peptide-patterns in neighbour preferences 689
R
4 0 0 0 0
N M H:'N/}T #
S
H H I _ 1!1 a— H IJ'l - _
RN =R RN . R'N:‘(Nmr_- RGN =R

Pro-fb

Pro-Pro

e &

sk > N ©
12 Y
b NHR fo NHR
| |
Ab-Pro AA-AM

Figure 1. Suggested mechanistic explanation of the preference profile seen in the process, Pro+
AA ® Pro-Pro + Pro-AA + AA-Pro + AA-AA, using water soluble carbodiimide in water at pH 7.

the four transition states envisaged in the peptidation step
(figure 1), in terms of crowding, would tend to show that
whilst that leading to Pro-Pro is crowded, those to Pro-
AA and AA-Pro are more relaxed compared to AA-AA;
and that in the competitive runs, in no case, AA-AA was
formed (table 4).

A consistent experimental finding is that with increas-
ing steric needs of the AA, AA-Pro overtakes Pro-AA
(table 4) and find excellent examples from the basic set
(table 2), a good one being that arising from a single
methyl substitution at the g position namely, Pro-Val:
Val: Pro :: 60:40; Pro-lle: lle-Pro:: 29 :71. Amongst
Gly, Leu, Phe and Trp used in experiments, tryptophan
being the most sterically demanding, the ratio Trp-Pro:
Pro-Trp, should be highest, as actually seen (table 4).
However, the basic set shows a reverse trend. An
explanation could be the generally accepted view that Trp
is a late addition to the proteinous amino acid comple-
ment, arising from pressure on evolution (Creighton
1984).

The experimental findings presented here are in no
way comprehensive and the conclusions can be inter-
preted as useful pointers. The creation of a larger mural
will call for an incredible amount of experimentation,
involving the synthesis and characterization of a very

L

large number of compounds. Within these limitations, we
have shown that neighbour preferences exist, and could
be amenable for mechanistic predictions.

4. Conclusion

Returning to the poser by Bernal (1967), we have pre-
sented data that strongly suggests that: Were the 20 pro-
teinous amino acids made to combine in water, the
resulting peptide sequences would be nonrandom.

Data base analysis has clearly brought out preferences
in the choice of neighbours. Intrinsic preferences, if any,
were tested experimentaly in a limited manner and here
again the dipeptide distribution was nonrandom. Whilst
the existence of preferences can be seen, the factors that
control this can be varied and subtle.

The intrinsic preferences seen can be put to practical
advantage in the creation of peptide libraries by sequen-
tial condensation of the unprotected monomers. The pref-
erence profileislikely to restrict the formation to a gradient
pattern.
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