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Structural patternsin globular proteins
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A simple diagrammatic representation has been used to
show the arrangement of a helices and B sheets in 3 I
globular proteins, which are classified into four clearly
separated classes. The observed arrangements are signifi-
cantly non-random in that pieces of secondary structure
adjacent in sequence along the polypeptide chain are also
often in contact in three dimensions.

ONE of the central problemsin molecular biology isthe forma-
tion of the native structure of a protein from the newly synthes-
ised unfolded “structureless’ polypeptide chain. In suitable
conditions this process occurs spontaneously and the final
conformation is determined solely by the amino acid sequence.
As the random search of all possible conformations of the whole
molecule would take an impossibly long time, this process
probably involves intermediate structures that allow the protein
to find its native conformation rapidly. Considerable experi-
mental and theoretical effort has been devoted to trying to
establish the nature of these intermediates.

In this article we first use a simple two-dimensional repre-
sentation to illustrate the known conformations of 31 proteins.
After classifying these known protein structures into four
classes, we show that there is a strong tendency for pieces of
secondary structure that are close together along the sequence
also to be in close contact in the final three-dimensional
structure. Such locally ordered regions, which are referred to
here as folding units, associate to form the whole protein mol-
ecule, or in the case of some of the larger proteins, to form
domains.

Diagrammatic representation of protein structure

Protein conformations are very complicated: it is not easy to
comprehend the three-dimensional structure of a single protein,
let alone compare many such structures. We have chosen to
use a schematic two-dimensional representation similar to that
used by certain other workers!2, and referred to here as
topology/packing diagrams. The following rules were used in
preparing our topology/packing diagrams for each protein.
First, the a-helical and B-sheet chain segments are identified.
As a B sheet can be formed from pieces of chain that are distant
along the sequence, we use ‘B’ strand to refer to asingle piece
of chain that forms one strand of a § sheet. Second, aviewing
direction is defined so that most segments of secondary structure
are viewed end on. Third, the protein is rotated about the line
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of sight until the B strands lie in a horizontal plane (the twist
of the B sheet is removed by flattening the sheet), and the front

end of each B strand is drawn as a rectangle in the diagram.

(This step is omitted if there is no B sheet.) Fourth, a circle
representing the front end of each a helix isdrawn, taking care
to put segments that are close in space close together in the
diagram. Finally, the segments are connected by bold or thin
arrows (from the N to C terminal) that indicate whether the
connection is at the near or far end, respectively, of the a helix
or B strand. The scale of the real protein is preserved by making
the separation of interacting a helices 10 A, of hydrogen-
bonded B strands 5 A, and of other interactingp strands 10 A.
The diameter of the a-helix circle is 5 A, and the P-strand
rectangleis4 x S A. '

Not all known protein conformations are included in the
topology/packing diagrams given here (Figs I-4). In some cases
a particular structure is omitted as it is closely related to a
protein that is shown; we show only one example of the im-
munoglobulin family® -1 the trypsin family*4? and the
haemoglobin family ¢34, For afew proteins we could not find
aufficiently clear pictures in the literature to be able to produce the
diagrams (high potential iron protein*, cytochrome c, (ref. 46),
the catalytic part of alcohol dehydrogenase®®, malate dehy-
drogenase®’, ferredoxin®®, rhodenase®, carbonic anhydrase®
and soya bean trypsin inhibitor®). As these omitted proteins
seem quite normal and fall into the present classification their
omission should not affect our study.

Four clearly defined classes

The topology/packing diagrams of the 31 proteins are arranged
into four classes defined as follows: (1) all-a proteins have only
arhelix secondary structure (Fig. 1); (1) all-B proteins have
mainly P-sheet secondary structure (Fig. 2); (111) a+ B proteins
have a-helix and P-strand secondary structure segments that
do not mix but tend to segregate along the polypeptide chain
(Fig. 3), and (IV) /B proteins have mixed or approximately
aternating segments of a-helical and P-strand secondary
structure (Fig. 4).

Class I proteins are built up from a helices: more than 60 %,
of the residues adopt the helical conformation. Because strongly
interacting a helices are not aways paralel (especialy if the
helices are short), the topology/packing diagrams do not
show the packing of helices very accurately (Fig. 1). Of the
three a-helical proteins shown, myohaemerythrin is most
accurately represented as all the helices are parallel to the line
of sight. The same packing of ailmost parallel a helices has
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Fig. 1 To(}:olog /packing diagrams of the following three all-a proteins (three-letter abbreviations have been assigned to all the proteins

presente

here): mdyohaemerythrin (MHN)?; myogen (MGN)*, and myoglobin (MBN)*¢. As the axes of adg'acentahelic&sare not always
padld” and are sometimes a right angles, the diagrams cannot™ show the three-dimensiond arrangemen

of helices very well.



Fig. 2 Topology/packing dia-
grams of the following seven

all-p. proteins in order of in-
ceasing size: rubredoxin (RUB$

immunoglobulin constant region (h/ : b
(IGC) &8 ;" immunoglobulin  vari-

able region (IGV)-1t ; prealbumin

(PBN)'?; superoxide dismutase

(SDM)'3; concanavalin A )

(CON)t15 and chymotxypsin
(CHT)* Y. |f the” rectangles RUB IGC
representing two B strands are
very close together then the
drands are hydrogen-bonded

together. In some “cases the
associations are less clear in &ﬂ’\ ve

the di@rams: the fina B strand

of IGV aso hydrogen bonds

to the first strand ; the first s
strand of SDM hydrogen bonds 4

to both the second and final

strands, and the fifth strand

hydrogen bonds to both the
fcglurthg and sixth strands; in SDM CON CHT

eech domain of CHT, the . . ) . :
second strand hydrogen bonds to both the first and third strands. Thr wapproximate twofold  symmetry relationship between the upper and

lower B sheets of the immunoglobuli n regions a.nd superoxide dismutase is clear (the twofold axislies horizontally between the = sheets).

been found in low resolution X-ray studies of tobacco mosaic also hydrogen bonds to the other B sheet closing one edge of the

virus coat protein353 and electron microscopy of purple mem- double layer (in the immunoglobulin varigble region, super-
brane protein®. oxide dismutase and chymotrypsin), and in one of these

Class Il proteins (Fig. 2) are built from B sheets stacked to (superoxide dismutase) both ends of the double layer are closed
form a layered structure. Although the number of B strands in to form a barrel of B strands. The close similarity of the chain
each sheet varies from two (in rubredoxin) to seven (in con- fold in the immunoglobulin varisble region and superoxide

canavdin A), there are always two layers of B sheet. Adjacent dismutase, which has been pointed out before, is clear in Fig. 2.
B strands in these proteins run in opposite directions to form Class Ill, the o+ P proteins (Fig. 3), consist of a mixture of
antiparallel sheets. All these class Il proteins, except chy- dl-a and all-B regions within the same polypeptide chain.
motrypsin, have only one domain, and in chymotrypsin the Often there is a cluster of helices at one or both ends of the
two domains have identical topological connections. Often the B sheet, which is amost aways built up from antiparallel
strands that occur near the ends of the polypeptide chain strands. Only the three largest at B proteins can be split into
are positioned in the middle of the B sheet so that they are well two relatively stable domains, and in each case one domain is
stabilised with hydrogen-bond associations to two neighbouring ~ mainly a helical while the other is mainly B sheet (T4 lysozyme,
B strands. In three cases, the B strand at the edge of one B sheet papain and thermolysin).

l]g
Fig. 3 Topology/packing diagrams for ten INS PTI CB5 RNS
a+p proteins Th order of inCreasing size:

insulin (INS)**; pancreatic trypsin inhibitor
(PTI)**; cytochrome b; (CB5)*; ribonuclease
(RNS)2';"hen lysozyme (LZM)?2; staphy-

loccocal nuclease (SNS)2*; T4 lysozyme
(LZ4)%, _Papajr_l (PAP)?, and thermolysin
(TLS)*. The diagrams show that the two
IKsozyme structures are more similar than
thought _previously?*; analogy with the .

mammalian enzyme supports the jdea?t
tha the active resdues of T4 I%/sozyme must
be a glutamic acid at the end of the a helix
preceding the p sheet and an aspartic acid
at abendin thep sheet (Glu 11 and Asp 20, LZM SNS LZ4
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Class IV proteins, the a/B proteins (Fig. 4), have a helices
and B strands that occur one after the other so that most
a helices are separated by B strands along the sequence and
vice versa. Most of these proteins have a single sheet- sur-
rounded by a helices, but in some of the larger proteins there
are extra, smaller  sheets. The a helices pack on both sides of
the B sheet, with a helices that follow one another along the
chain, often on the same side of the g sheet. The mainp sheet
of each protein has between five and nine strands and consists
mainly of parallel strands. The extra B sheets are smaller, often
antiparallel, and more like the B sheets of the a+B proteinsin
class Il (SUB and LDH in Fig. 4). Only the five largest of these
a/B proteins (more than 300 residues) can be separated clearly
into two or three domains. A common feature of these proteins

is the order of the B strands in the B sheet: in most cases the
first strand is in the middle of the sheet, with the following
strands along the chain added first to the right and then to the
left of the first strand. Because most of the a/B proteins shown
here are enzymes in the glycolytic pathway and have to bind
a common coenyzyme, NAD, some of the common features in
Fig. 4 may be a result of these proteins having evolved from a
common ancestor?2.

General features of known proteins

The interior hydrophobic core so characteristic of globular
proteins is generally formed by contacts between and among
a helices and B strands. The pieces of chain (often quite short)
that connect these regions of secondary structure are generally
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FL% 4 Topology/packing diagrams of 12 a/B proteins in order of increasing size: thioredoxin (TRX)?’; flavodoxin (FLN)2#: 2 alcohol
ydrogenase coenzyme domain (ADH)* ; adenyl kinase (AKN)32 ; phosphoglycerate mutase (PGM)3!; triose phosphate isomerase

(TIM)3?; subtilisin (SUB)** ; carboxypeptidase (CPA)*; lactate dehydrogenase (LDH)?*; phosphoglycerate kinase (PGK)*"38; p-

ceraldehyde-3-phosphate dehydrogenase (GPD)®; and hexokinase (HKN)*. Because the upp

ly-
er and lower domains of GPD and HﬁKI

are not directly under the upper domains, the interactions are not as strong ‘as implied by the figures. The arrangement of the lower domain
of HKN must be regarded as only tentative as it was determined from a morio drawing of this very large proteins.



exposed tosolvent and contain most of the hydrophilic and bend-
promoting residues. Most proteins can be considered crudely
as a layered sandwich structure, with each layer consisting
entirely of either a helices or a B sheet. In the all-a proteins or
all-B proteins, there are only two such layers. In the a+f
proteins there are also often two layers, and often one layer
consists of a helices and the other is a B sheet, though more

mixed arrangements occur. In the a/B proteins, there are three
layers, with a layer of a helices on each side of the centra
B sheet. Triose phosphate isomerase may seem an exception in
that there are four layers with a central B-sheet sandwich
surrounded on both sides by a helices, but this protein can aso
be considered as a layer of B sheet and a layer of a helices

rolled into a cylinder so that every B strand hydrogen bonds to
two others. Although g strands are sometimes surrounded on
all sides by other segments of secondary structure, a helices
are amost always only partially buried. It is aso rare to find
an a helix that is not in contact with at least one other a hdix.

Very often several secondary structure segments that are
adjacent along the polypeptide chain also interact strongly in
three dimensions to form what is defined here as a ‘folding
unit’. There are 12 possible combinations of a helices and B
strands into sequences of two or three adjacent segments of
secondary structure: (aa), (aB), (Ba), (BB), (aaa), (aap),
(aBa), (Boa), (app), (BaP), (BBa) and (BBB). Not all these
secondary structure segments interact to form a stable complex.
Those combinations containing a single B strand must be
excluded as that strand can neither interact strongly with an
a helix nor hydrogen bond to another g strand in the folding
unit to form a B sheet. The most important folding units,
therefore, consist of the following groups of adjacent secondary
structure segments: (aa), (BB), (BBB) and (BaB). The (aw)
folding unit consists of a pair of a helices adjacent in sequence
that are arranged with their axes approximately antiparallel
and are in van der Waals' contact (Fig. Sa). The (BB) folding
unit consists of two B strands that fold back and hydrogen
bond together into a g sheet with two antiparallel strands
(Fig. 56). The (BpP) folding unit is just an extension of the
(BB) folding unit with an extrap strand forming a f sheet with
three antiparallel strands arranged in a simple zigzag. The
(Bap) folding unit consists of a B sheet with two parallel strands
in van der Waals' contact with an a helix antiparallel to these
strands (Fig. 5¢). Three other possible groups, (aaa), (aBB)
and (BBa), are rare in globular proteins, difficult to identify
unambiguously and can be considered as formed from (aa) or
(BB) folding units.

Table 1 gives the number of times the different folding units
occur in all the globular proteins considered here. For some of
the a/B proteins (class | V) adjacent (Bap) folding units have a
B strand in common. As folding units are defined here as
independent subassemblies of secondary structure, a particular
segment of secondary structure should not be part of two folding
units. A new type of folding unit, referred to as (BaB)’, was
introduced to take care of the case (BaBap), that is, where a
(BaB) folding unit shares a B strand with an adjacent (BaB) unit.
For example, triose phosphate isomerase is formed from eight
(BaB)’, folding units.

In the three all-a proteins there are eight (aa) folding units.
If every a helix in these three proteins was in contact with
the adjacent helices along the sequence, the maximum possible
number of (aa) folding units would aiso be eight. In the seven
all-g proteins there are 20 () and four (ppp) folding units,
respectively; the maximum numbers that could be formed are
24 (BB) and six (BBB). In the nine a+ B proteins, there are 12
(aw), five (BB) and six (BpP) folding units, respectively; the
maximum numbers that could occur for these proteins are 16
(aa), seven (BB) and six (BPP). In the twelve a/p proteins there
are six (aa), 10 (Bp), four (BBP), 18 (Bap) and 12 (Bap)’, folding
units, respectively; the maximum possible numbers are 12 (aa),
12 (BB), four (BBB), 23 (Bap) and 15 (Bap)"

The above results show that for each class of protein the
actual number of folding units observed is close to the maximum

possible number. For all the 31 proteins together there are 26
(aa), 35 (BB), 14 (BBBR), 18 (BaB) and 12 (BaB)’ folding units,
respectively. A total of 242 segments of secondary structure
belong to one or other of these folding units out of atotal of
361 segments (67%). It isinteresting that in the all-p proteins
more B strands are in (BB) rather than (BpR) folding units,
whereas in the a—+B proteins more B strands occur in (BBR)
rather than (BB), folding units.

Rao and Rossmann®* concluded from an examination of
four proteins that a structure consisting of three parallel
B strands and two joining a helices was a common structural
building block in proteins. (This structure consists of two over-
lapping (BapB)’ folding units.) They also noticed that the struc-
ture had a unique hand, in that the polypeptide chain is directed
from B to a to B in aclockwise sense (Figs 4 and 5¢). Sternberg
and Thornton®® have confirmed this handedness from a study
of many protein structures and concluded that it arises from the
twist of the B sheet. In another analysis of B sheetsin protein
structures, Richardson et al.57 a so noticed the high frequency
of (BB) and (Bap) folding units.

Statistical  significance of patterns

Another way to assess the statistical significance of the arrange-
ment of secondary structure in known proteins is to estimate the

probability that a particular observed pattern would occur by
chance. As the topology/packing diagrams represent the
arrangement in space of a helices less well than of B strands, we

first considered the statistical significance of the connectivity
of the strands in the B sheets of proteins in classes Il to IV.

A computer program was used to generate random per-
mutations of the order of the different § strands along the
sequence while preserving the relative positions of the strands
in the B sheets of the particular protein (the direction of the
chain in the segments was not taken into account). For each
of the 1,000 permutations generated for a particular protein,
we counted the number of times a pair of p strands adjacent in
the permuted sequence were also in contact in the B sheet
(referred to as the number of adjacent contacts). This same
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Fig. 5 The folding of the polypeptide chain in the three commonly

occurring folding™ units @ (au), (BB) and (Bap). The ribbon

illustrates the path of the backbone with the arrows directed from

the N to C terminals. Below each drawing of the chain fold is

shown the representation of the particular folding unit used in
the topology/packing diagrams of Figs 1-4.



Table 1 Folding unit counts, P-sheet patterns, P-strand polarity and chance probability of 31 proteins

Class and protein No. of folding units

(aa) (BB) (BBB) (Bw)
All-a
Myohaemerythrin 2
Myogfen_ 3
Myoglobin 3
All-R
Rubredoxin 2
lg constant 3
Ig variable 3 l
Prealbumin 2
Superoxide  dismutase 3
Concanavalin A 2 2
Chymotrypsin 5
a+pB
Insulin 1
Trypsin  inhibitor 1
Cytochrome b5 2 1
Ribonuclease 1
Lysozyme  (hen) 2
Staph.nuclease 2
Lysozyme (T4) 3 !
Papain 1
Thermolysin 3 3
Q
/@I'hioredoxin 1 |
Flavodoxin 2
Alcohol  dehydrog. 2
Adenylade  kinase 2
Phosphoglycerate  mutase 1 |
Triose phosphate  isomerase
Subtilisin 1 1 2
Carboxypeptidase 1 |
Lactate  dehydrog. 1 2 2
Phosphoglycerate  kinase 1 4
Glycerddehyde  phosphate  dehydrog. 3 3
Hexokinase 1 2 2 1

(BaB)’

P-Sheet  pattern? Strand | polarity*  Probability
Np ' Nap-
033
0.42
0.14
—+- 3 0.37
+_
_+_
-+-+ 5 0.14
Ziti- 7 0.006
_+_ N
7zt . 5 0.16
LT 8 0.007
_+_
t-t+t-+-+ 1 0.001
t—t—+-
B 12 005
—— T+
10
4 - 1 1.0
-——- 2 093
-+—+ 3 0.08
il 3 051
S 4 0.006
-+ 2 033
4y 5 0.54
-+
i 3 3 017
-t 2 2 056
_____ 4 015
------ 5 021
----- 4 056
e 3 2 059
::: 8 0.001
FETTTT 6 | 024
th——— - + 4 3 0.25
i 6 4 <0.001
+-+
- 9 3 <0.001
+3I27273CF 9 7 <0001
+— ++ 5 8 0.003
—_——— - 4+ -
+-+——=

*The numbers of parallel P-strand associations in the B sheet(s) are given in the column headed Np, and the number of antiparallel

associations are given in. the column headed N

+The P-sheet pattern is taken from Figs 2-4av%ith aplus sign to mark g strand that runs away from the viewer (into the paper), and a minus

sign to mark a B grand that runs towards the viewer (out of the paper).

number was obtained for the native protein arrangement from
Figs I-4. As the a helices are ignored, B strands in contact in
the sheet but separated in sequence by only one a helix were
aso counted as adjacent contacts. The statistical significance
of the native arrangement was taken as the probability that a
randomly generated permutation of strand order in the
particular B sheet would have at least as many adjacent con-
tacts as the native arrangement. These probabilities (P) are
given in the last column of Table 1 and vary from 1.0 to 0.001
with a geometric mean of 0.05. For the smallest B sheet con-
sisting of only two B strands, any permutation of the strands
will leave them in contact in the sheet so the probability of
having a least one adjacent contact is 1.0 (for example,
trypsin inibitor, -Fig. 3). For a B sheet with three strands, there
is a onethird chance of forming an antiparalel arrangement

with two adjacent contacts (for example, T4 lysozyme, Fig. 3).
As the size of the B sheet increases the chances of having many
such adjacent contacts decreases. For example, the B sheet in
both cytochrome p, and ribonuclease consists of four strands
(Fig. 3), but the arrangement in the former protein is amost
random (one adjacent contact, P = (.33), whereas that in the
latter is highly significant (three adjacent contacts, P = 0.08).
One of the three o/ proteins with a five-stranded B sheet
(Fig. 4), flavodoxin has a more significant pattern (three
adjacent contacts, P = 0.15) than the other two (both thiore-
doxin and adenylate kinase have two adjacent contacts each
and P = 0.56). The patterns found in the proteins with the
biggest B sheets are very significant, with P values less than
0.01, and in the case of some of the dehydrogenases, less than
0.001. These results show that B strands that are adjacent in



sequence are in van der Waas or hydrogen-bonding contact
much more often than expected by chance. Had the con-
nectivity of the a helices aso been considered, the observed
patterns would be even more significant as then there would be
many more segments of secondary structure to permute.
The significance of the patterns of the al-a proteins was aso
estimated in this way but now the helices could be in contact
both vertically and horizontally in the topology/packing
diagrams. The results of this calculation (Table 1) show that
none of these patterns of the all-a proteins is statistically very
significant.

Parallel and antiparallel B sheets

Table 1 also shows the polarity of the B strands in the B sheets
of the proteins considered here. For the all-B proteins (class II,
Fig. 2), only one out of the 50 hydrogen-bonding associations
in the B sheets is between a pair of chains that run in the same
direction (parallel) rather than in opposite directions (anti-
paralel); it is in prealbumin. For the a—f proteins (class Ill,
Fig. 2) most of the B strands also form antiparallel rather than
paralel associations (23 and five occurrences, respectively).
On the other hand, the B sheets of the a/f proteins (class IV,
Fig. 4) have many more parallel associations than antiparallel
ones (64 and 21 occurrences, respectively). When the B strands
are grouped together adlong the sequence and not separated by
a helices (as in the all-B and a--B proteins), (BB) and (BBB)
folding units occur very often leading to antiparallel § sheets.
When the § strands are separated by a helices along the sequence
(as in the a/B proteins), (BaB) and (BaB)’ folding units occur
most often leading to parallel B sheets.

Conclusons and implications

In the past the word domain has been used to describe sub-
structures in protein molecules. This use derives from the
observation of Phillips®® who described the structure of lysozyme
in terms of a series of “compact globular units’. The word
domain has also been used to describe the independent
globular regions that can occur when a single polypeptide chain
is formed by gene fusion or gene duplication (for example, the
four domains of the immunoglobulin heavy chains). The use
of the same word “domain” to define both types of protein
substructure leads to confusion, and we suggest that the phrase
‘folding unit’ be used to define small assemblies of secondary
structure segments that are adjacent in sequence and in van der
Waals or hydrogen-bonding contact with one another. The word
domain is then reserved for large subassemblies that would
be stable if the polypeptide chain connecting them to the rest
of the protein molecule were to be cleaved®. Each domain has
al the characteristics of a complete globular protein; often
the different domains of a multidomain protein have different
functions®®.

Our anaysis of known protein structures using simplified
topology/packing diagrams has shown that the observed
arrangements of a helices and B strands are statistically very
significant. The classification of 31 protein structures into four
clearly separated classes has made it possible to identifycommon
structural patterns, and has shown how the arrangement of
segments of secondary structure along the sequence relates to
three-dimensional properties such as paradld and antiparalle
B sheets. Very often segments of secondary structure adjacent
in sequence form a few well defined types of folding units. The
high frequency of folding units in globular proteins is probably
a result of the kinetic pathway of protein assembly rather than
the stability of the final folded form. If certain segments of
secondarystructure existedwith even margina stabilitywhen the
native conformation was unfolded, those segments that were
close along the polypeptide chain would have a higher prob-
ability of diffusing together to form folding units®l. If these
folding units were then to associate rapidly to form the native
conformation, which might be in a Kkineticaly determined

minimum of the free energy, the high frequency of such units
in native proteins would be expected. The idea that segments of
secondary structure close in sequence interact to form sub-
assemblies which then associate to form the native structure
has been used by Ptitsyn and Rashin to study the folding path-
way of myoglobin®2. Wetlaufer®® used a similar kinetic argu-
ment to explain the domain structure of proteins. Other
explanations of the high frequency of folding units in globular
proteins do not depend on kinetic arguments. for example, the
native conformation could be stabilised if its segments of
secondary structure were to be connected up by short pieces of
chain that do not cross one another. The chance probability
that two evolutionary unrelated proteins have similar arrange-
ments of secondary structure will be less than thought
previously!, for we have shown that al protein conformations
are built up from the same three basic folding units and that the
conformations fall into four well defined classes.

Thus the picture of protein folding suggested by the final
protein structure is as follows: pieces of secondary structure
first diffuse together to form folding units that then associate
to form the native structure, or in the case of the larger proteins,
the domains which subsequently interact weakly to form the
native structure.
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