Loops in Globular Proteins: A Novel
Category of Secondary Structure
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The protein loop, a novel category of nonregular second-
ary structure, is a segment of contiguous polypeptide
chain that traces a “loop-shaped” path in three-dimen-
sional space; the main chain of an idealized loop resembles
a Greek omega (€2). A systematic study was made of 67
proteins of known structure revealing 270 omega loops.
Although such loops are typically regarded as “random
coil,” they are, in fact, highly compact substructures and
may also be independent folding units. Loops are almost
invariably situated at the protein surface where they are
poised to assume important roles in molecular function
and biological recognition. They are often observed to be
modules of evolutionary exchange and are also natural
candidates for bioengineering studies.

three classes: a-helices, B-sheet, and reverse turns (1—4).

Helices and sheet are termed “regular” structures because
their residues have repeating main-chain torsion angles, and their
backbone N-H and C=0 groups are arranged in a periodic pattern
of hydrogen bonding (1). In contrast, turns are “nonregular”
structures with nonrepeating backbone torsion angles and, at most,
one internal N-H ... O=C hydrogen bond (I-4). Remaining
residues, by subtraction, are often classified as “random coil,”
although, as Richardson has pointed out, they are neither random
nor coil (I).

In this article we examine another category of nonregular second-
ary structure—the loop. A loop may be described as a continuous
chain segment that adopts a “loop-shaped” conformation in three-
dimensional space, with a small distance between its segment
termini. The main-chain trace of an idealized loop resembles a Greek
omega ({). Backbone torsion angles for such a structure are
nonrepeating, and there are few, if any, backbone hydrogen bonds.
A simple loop subsumes no proper subsets that are also loops, while
a compound loop contains at least one smaller embedded loop. Only
simple loops are considered in the following discussion.

Loops have been discussed in relation to specific structures, such
as the conspicuous loops in superoxide dismutase (5) and in
immunoglobulin domains (6), the autolysis loop in serine protease
zymogens (7), and the calcium-binding loops in parvalbumin (8).
However, there has been no systematic study of these structures.
Kuntz alluded to larger loops in his definitive paper on peptide
chain turns (2), and the topic is mentioned briefly in a recent review
(3). Looped-out regions are also evident in schematic representa-
tions of protein structure such as those of Richardson (I) or Lesk
and Hardman (9). While such examples are clearly “looplike,” their
description has been only qualitative.

In our study, loops are defined explicitly. Stringent defining
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criteria are chosen deliberately to exclude those structurally ambigu-
ous examples containing substantial amounts of regular secondary
structure. The definition was implemented in the form of a comput-
er algorithm and used to identify all loops in 67 proteins of known
structure. The set of identified loops was then characterized with
respect to residue composition, size and shape, compactness, accessi-
bility to solvent, and role in protein taxonomy.

Our survey reveals an abundant population of loops, on the order
of four per protein molecule. Almost always, they are situated at the
molecular surface; often, they are implicated in molecular function.
Most of these loops are highly compact, globular structures, with
low x-ray temperature factors and a packing efficiency that rivals that
of B-sheet. The observed compactness is a consequence of loop side-
chain atoms that pack tightly within the loop core. In view of such
characteristics, the description of these chain segments as “random
coil” warrants revision.

Loops are choice candidates for protein bioengineering studies.
The catalog of loops presented here should be useful for the design
of such experiments, as well as in the further study of nonregular
protein secondary structure.

Identification of loops from x-ray coordinates. A loop is a
continuous segment of polypeptide chain that is defined in terms of
its (i) segment length, (ii) absence of regular secondary structure,
and (iii) distance between segment termini. These criteria are now
specified in detail.

The segment length must be between 6 and 16 residues. The
lower length limit serves to eliminate reverse turns. Superficially, it
might seem that a turn is merely a small loop, but an important
characteristic distinguishes the two. Turns, which range from three
to five residues in length, have backbone groups that pack together
closely, forcing side chains to project outward (3). This stereochemi-
cal restriction is relaxed in larger segments where side-chain atoms
can pack within the loop’s own core. The upper length limit imposes
a practical threshold that eliminates most of the compound loops.

A loop may contain no regular secondary structure. This criterion
excludes adjacent strands of antiparallel B-sheet as well as structural-
ly ambiguous cases. Secondary structure assignments for the resi-
dues were taken from the Kabsch and Sander (K&S) dictionary of
protein secondary structure (10). However, two minor exceptions
to the K&S classification were adopted: two-residue strands and
single turns of helix (four or five residues) are not counted as regular
secondary structure. Although they are ignored in most classifica-
tion schemes, K&S includes B-strands that are just two residues in
length. Strand lengths are distributed in a statistically well-behaved
fashion, with the exception of these two-residue strands. Four- and
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Table 1. Summary of 270 omega loops in 67 x-ray elucidated proteins.*

PROT FIRST NUM SEQUENCE PROT FIRST NUM SEQUENCE PROT FIRST NUM SEQUENCE PROT FIRST NUM SEQUENCE
1ABP 93 7 V N...XK P 2CAB 78 10 Vv L...D S 2GCB 112 7 A S...T V 3PGM 1115 S E...D V
1ABP 142 7 A N...T A 2CAB 98 7 G S...H G 2GCH 165 12 N T...K I 3PGM 98 12 A Q...K F
1ABP 203 6 G M...S T 2CAB 108 7 T V...KY 2GCH 217 8 S S...S T 3PGM 109 12 F N...P P
1ABP 236 13 A V...GF 2CAB 128 13 Y S...D G 1GPD 47 6 D S...GV 3PGM 123 8 I D...F S
1ABP 289 6 I T...NF 2CAB 197 8 S L...LY 1GPD 76 7 E M...NI 3PGM 132 14 K G...V L
1ABP 299 6 E K...L G 2CAB 23011 L S...V P 1GPD 121 9 P S...FV 3PGM 209 16 L V...S Y
2ACT 8 6 RS...AV 1CAC 512 WG...HW 1GPD 128 10 F V...K Y 2PTN 69 12 G E...N E
2ACT 58 7 RT...RG 1CAC 17 7 HK...I A 1GPD 183 16 K T...R G 2PTN 94 9 Y N...ND
2ACT 89 15 Y P...L Q 1CAC 98 6 G S...GE 2GRS 83 7 AV...P S 2PTN 112 7 A S...RV
2ACT 139 6 A A...AF 1cAC 108 7 T V...KY 2GRS 139 9 T I...KY 2PTN 142 11 G N...Y P
2ACT 141 16 G D...P C 1CAC 128 13 Y G...D G 2GRS 162 11 T P...A S 2PTN 184A 8 G Y...K D
2ACT 182 11 N S...E G 1CAC 166 7 S I...G K 2GRS 239 7 E N...EV 2PTN 217 8 S G...NK
2ACT 198 8 R N...G T 1CAC 197 8 S L...LL 2GRS 256 6 K T...G L 1REI 91 6 Y Q...P Y
2ACT 203 7 A G...I A 1CAC 232 8 D G...EE 2GRS 268 7 A V...LP 1RHD 34 10 S W...E A
4ADH 14 8 L W...PF 2CHA 70 9 EF...SE 2GRS 300 8 L N...Q T IRHD 43 15 A R...S F
4ADH 100 13 C R...C L 2CHA 94 9 Y N...ND 2GRS 315 6 V D...Q N 1RHD 60 14 I E...V M
4ADH 115 8 D L...G T 2CHA 114 6 F S...V S 2GRS 331 7 DV...A L 1RHD 85 6 G S...I S
4ADH 122 7 T M...T S 2CHA 217 8 S S...S T 2GRS 404 12 T P...K T 1RHD 99 7 N G...G S
4ADH 282 6 C Q...Y G 3CNA 13 9 P N...P S 2GRS 465 8 A I...SE IRHD 185 7 G R...T Q
2ADK 133 10 G E...D N 3CNA 97 8 T G...T N 1HIP 20 7 NQ...KS 1RHD 193 7 E P...G L
1ALP 217 8 N V...NN 3CNA 116 8 K S...Q T 1HIP 28 14 R V...EQ 1RHD 216 8 L T...E K
2APP 41 15 F S...S V 3CNA 147 9 T T...L E 1HIP 43 7 CA...FM 1RHD 284 10 P E...K G
2APP 129 8 N T...S Q 3CNA 160 6 S S...S P T1HIP 44 16 A D...D E 1RNS 36 6 T K...CK
2APP 139 11 F D...Q P 3CNA 199 11 I K...D G 4LDH 173 16 R Y...G V 1RNS 87 10 T G...C A
2APP 184 9 V D...W S t3cNA 222 14 P S...P D 4LDH 192 9 I G...V P 2RXN 18 11 G X...G T
1APR 8 10 T D...Y Y 3CNA 229 9 L L...AN 4LDH 203 16 W S...L G 2RXN 38 8 vVC...VG
1APR 18 14 G Q...N L 3CPA 128 14 K T...G V t4LDH 212 14 L H...D W 1SBT 17 6 H S...Y T
1APR 43 16 G S...D K 3CPA 142 15 D A...G A 4LDH 219 8 N K...W K 1SBT 37 8 S S...KV
1APR 61 9 P S...KA 3CpA 156 11 A S...Y H 4LDH 239 8 V I...Y T 1SBT 74 13 A L...A P
1APR 76 8 I G...S A 3CPA 205 9 P Y...S I 4LDH 275 11 V K...N V 1SBT 96 6 L G...G S
1APR 90 14 D T...GP 3CPA 231 7 K S...T S 1LDX 70 9 S L...K1I 1sBT 157 8 G S...S T
1APR 129 10 D T...S S 3CPA 244 7 I T...Q A 1LDX 79 8 V G...S L 1sBT 181 7 D S...RA
1APR 189 9 I D...W A 3CPA 272 14 R D...S Q 1LDX 102 7 Q Q...S R 1SBT 257 10 L G...K G
1APR 203 9 A T...L G 1ICPV 18 6 C K...D S 1LDX 193 8 G R...G V 2SGA 16 16 I A...S L
1APR 216 11 A I...L I 1CPV 64 14 K L...A L 1LDX 207 7 N N...L Q 28GR 93 7 S F...DY
1APR 227 6 L P...A A ICRN 3312 I I...DY 1LpXx 211 6 N L...GM 2SGA 218 7 G N...GG
1APR 233 16 V G...L G 1CTX 115 I R...CP 1LbX 218 7 WE...EG 3sGB 16 16 I S...S L
1APR 243 8 Q D...G F 1CTX 26 10 C D...G K 1LDX 236 1 A Y...YE 35GB 48 8 V R...YY
1APR 261 13 S I...E I 1CcYC 18 15 H T...N L 1LDX 276 8 K E...K E 3SGB 66 9 WA...TV
1APR 280 8 A E...C T lcyc 30 14 P N...0aA TILHl1 41 13 K D...EV 3GB 93 7 S F...DY
1APR 291 9 G A...A I 1CYcC 40 15 T G...K S 1LH1 47 8 L K...V P 3sGB 118 7 T V...D I
1AZU 9 7 GN...QF 1cYC 70 15 N P...A G 1LHB 46 14 P A...L T 3SGB 167 14 A T...G M
1AZU 35 12 H P...G H 3CYT 18 15 H T...N L 1LHB 55 10 F K...E L 3sGB 190 12 VvV C...P L
1AZzU 67 6 G L...DY 3CYT 34 10 G L...Q A 7LYZ 18 8 DN...S L 38GB 199 9 L Y...I G
1AZU 73 11 L K...A H 3CYT 40 15 T G...K S 7LYZ 36 7 S N...Q A 38GB 235 6 L V...GV
1AZU 84 9 T K...EK 3CYT 70 15 N P...A G TLYZ 44 9 N R...TD 25NS 43 10 ET...VE
lazu 112 7 C T...H S 1ECD 3310 s I...F A TLYZ 60 16 S R...N L 2SNS 114 6 V Y...NN
2B5C 3216 L T...L R 1ECD 41 9 F A...S1I 1LZM 134 6 A K...WY 2SNS 136 6 K L...W S
1BP2 23 8 NN...CG 1EST 69 12 G E...T E 1MBN 40 8 L E...FK 2S0D 50 9 DN...SA
t1BP2 2515 Y G...V D 1EST 94 11 W N...YD IMBS 37 14 P E...L K 2sOD 67 12 K K...RH
1BP2 56 11 K K...V D 1EST 112 7 V T...Y V 1IMBS 49 6 L K...DD 2sop 103 7 S L...Y S
2BP2, 23 8 NN...CG 1EST 142 10 G L...L A 1MBS 7 7 K K...EA 2sOD 122 16 D D...G N
t2BP2 2515 Y G...VD 1EST 165 14 Y A...T V 2MHB 40A 9 K T...D L t2s0p 132 6 S T...G N
2BP2 61 8 CK...NP 1EST 216 11 V S...R K 2MHB 39B 16 Q R...A V 2ssI 19 7 GV...TA
156B 16 10 V I...K A 3FAB 24L 6 G S...N I 2MHB 47B 11 D L...G N 1TIM 67A 13 Y K...I S
156B 47 12 T P...P M 3FAB 122L 11 P S...K A 1NXB 6 8 QH...QT 1TIM 169A 6 A I...G K
351 16 11 H A...P A 3FAB 168L 6 K Q...N K 2PAB 495A 6 T S...G E 3TLN 24 8 Y S...LQ
351C 51 12 G S...M P 3FAB 182L 6 L T...Q W 8PAP 8 6 RQ...AV 3TLN 32 7 DN...DG
155C 21 8 IQ...TD 3FAB 72H 6 N T...N Q 8PAP 60 8 S Y...GY 3TLN 44 10 A K...G S
155C 47 8 A S...KY 3FAB 99H 7 L I...I D 8PAP 86 15 Y P...E K 3TLN 55 16 W A...PA
155C 83 13 XK P...G A 3FAB 132H 9 S K...T A 8PAP 138 16 G K...P C 3TLN 91 7 L S...NN
155C 128 6 J J...J J 1FDX 12 12 G A...I I 8PAP 175 11 N S...N G 3TLN 125 6 G D...T F
2Cc2C 18 16 H T...L F 1FDX 30 12 I D...S C 8PAP 191 8 R G...Y G 3TLN 188 16 I G...L R
2c2cC 30 14 P N...H K 1FDX 39 12 G S...A P 8PAP 198 6 G V...L Y 3TLN 204 10 S M...G D
2Cc2c 41 16 A H...M K 3FXN 54 8 S A...VL 1pCY 6 8 GA...LA 3TLN 214 6 P D...SK
2c2c 74 16 P K...K S 2GCH 70 9 E F...S E 1PCY 41 16 F D...I S 3TLN 221 13 Y T...I N
2CAB 6 7 GY...NG 2GCH 94 8 Y N...NN 1PCY 63 6 L N...GE 3TLN 248 8 G T...S V
2CAB 17 8 S K...A N 1PCY 84 9 C S...GM
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