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Location of Structural Domains in Proteins? 

Shoshana J. Wodak and Joel Janin* 

ABSTRACT: We use surface area measurements based on 
atomic positions to give a quantitative definition of structural 
domains in proteins. Segments of the polypeptide chain 
making a minimum of interactions with the rest of the protein 
structure are identified on interface area scam, where the area 
B of the interface between a N-terminal segment of i residues 
and the complementary C-terminal segment is plotted as a 
function of i .  Domain boundaries appear as minima of B in 
the scans. The procedure may be iterated to build a hierarchy 
of subdomains. It detects only continuous domains made of 

Inspection of molecular models derived from X-ray studies 
shows that in all but the smallest proteins, the polypeptide 
chain folds into several globular units, sometimes loosely 
connected (Wetlaufer, 1973). These units are commonly called 
domains, or structural domains io indicate that they are 
identified from the three-dimensional structure. Biochemical 
experiments such as limited proteolysis are another way of 
defining domains as fragments that may be stable and refold 
after denaturation in the absence of the rest of the chain. 
Domains often carry out specific functions, and it has been 
suggested that they are the units of protein evolution as well 
as protein structure (Edelman et al., 1969; Rossmann et al., 
1974); multidomain proteins performing complex functions 
would result from the fusion of genes coding for each domain. 

Location of structural domains by visual inspection of 
models suffers from subjectivity. Objective definitions and 
algorithms to find domains from atomic positions are therefore 
useful (Crippen, 1978; Rose, 1979). We use here surface area 
criteria to detect structural domains as regions of the protein 
structure where most of the interactions between atoms or 
residues occur within the regions and least without. We apply 
to several proteins an algorithm which finds limits of structural 
domains made of a single stretch of polypeptide chain (con- 
tinuous domains). The results are in good agreement with 
previous descriptions of protein structures on the basis of visual 
inspection. In particular, we confirm the presence of two 
continuous domains in globins and of two domains in hen 
lysozyme, one of which is discontinuous. They do not correlate 
with the DNA coding sequences or exons in the hemoglobin 
and lysozyme genes. 

Methods 
Atomic Coordinates and Surface Area Calculations. At- 

omic coordinates are obtained from the Cambridge Protein 
Data Bank (Bernstein et al., 1977), except for glycogen 
phosphorylase, gift of R. Fletterick. The area of the protein 
surface in contact with the solvent, its accessible surface area, 
may be computed from atomic positions by using the geo- 
metrical algorithm of Lee & Richards (1971) implemented 
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a single stretch of polypeptide chain but may be extended to 
detect such domains in the presence of discontinuous ones. 
Domains defined from interface area scans fit very well with 
globular structural regions identified by inspection of protein 
models [Wetlaufer, D. B. (1973) Proc. Natl. Acad. Sci. U.S.A. 
70, 697-7011. They do not in general correspond to the re- 
peated structural units observed in some proteins by super- 
position studies. In hemoglobin and hen lysozyme, the domains 
do not correspond to the coding sequences separated by introns 
in the genes. 

into a computer program of M. Levitt or by an analytical 
approximation, which expresses accessible surface areas as a 
function of distances between pairs of atoms (Wodak & Janin, 
1980). The analytical approximation is several orders of 
magnitude faster to compute and better adapted to repetitive 
calculations. We apply it to simplified models of protein 
structures (Levitt, 1976), where each amino acid residue is 
represented by a single sphere centered on the center of mass 
of its side chain (C, included). Sphere radii for each type of 
residue are taken from Wodak & Janin (1978). The simplified 
model provides a further gain in computational speed, at little 
cost in precision, as the surface area calculations are rather 
insensitive to changes in atomic positions no larger than the 
radius of the solvent probe (1.4 A). 

Calculations of surface areas with the analytical approxi- 
mation and simplified protein models are comparable in speed 
to C, distance measurements used in diagonal plots (Rossmann 
8c Liljas, 1974). The values of the accessible surface areas 
are in good agreement with those given by the Lee & Richards 
procedure applied to detailed atomic models: on a sample of 
2 1 proteins, including those discussed below, total accessible 
surface areas calculated in either way differ by an average of 
1.4%. None differs by more than 6%. 

Interface Area Scans. The interface area B, that is, the 
surface area buried in contacts between two groups of atoms 
or residues, is defined as 

B = Ai + A2 - A12 (1) 

where A I  and A2 are the accessible surface areas of each of 
the two groups alone and A,*, the accessible surface area of 
the two together. 

Interface areas define domains in the following manner. The 
polypeptide chain is assumed to be cleaved after residue i while 
its conformation is retained. The interface area of the N- 
terminal segment (1 to i )  with the C-terminal segment ( i  + 
1 to the last residue) is calculated. The cleavage point is moved 
along the chain, yielding what we call an interface area scan. 
On this scan, putative limits of domains show as minima of 
the interface area: at these points, cleavage creates two ar- 
tificial subunits which have a minimum of contacts and most 
closely resemble real protein subunits. 

Since the interface area of the two segments depends on 
their size, B drops sharply to zero at both ends of the scans, 
which tend to be bell shaped as in Figure 1. Such bell-shaped 
scans are characteristic of single domain proteins; other scans 
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as follows. A segment of variable length L is moved along the 
polypeptide chain, and the area E of its interface with the rest 
of the protein chain, now composed of two segments, is cal- 
culated. E is then plotted in two dimensions, as a function 
of the length L and of the position i of the N terminus of the 
chain segment (see Figure 6 below). Chain segments making 
relatively few external contacts for their size appear as minima 
of E for given values of L and i .  Segments ( i  to i + L - 1) 
corresponding to these minima qualify as domains according 
to our definition. 

We applied this procedure to all proteins discussed here, save 
glycogen phosphorylase. We observe that with few exceptions, 
minima of B in two-dimensional plots correspond to minima 
of E in interface area scans. Thus, two-dimensional searches, 
which require much heavier computations, are useful only 
when the scans are ambigous, as in the case of hen lysozyme 
discussed below. 

Globularity Index. Domains corresponding to minima of 
E have a minimum of contacts with the rest of the protein. 
The procedure gives no indication on their eventual stability 
as isolated structures. Compact globular fragments are more 
likely than others to be autonomously stable after, say, limited 
proteolysis. They have a minimum accessible surface area, 
which optimizes the contribution of hydrophobicity to their 
stability, contribution estimated to be 25 cal mol-' A-2 of 
buried surface area by Chothia (1975), and maximizes the 
number of internal interactions. 

Low accessible surface areas are achieved by small globular 
proteins, which follow the law (Janin, 1976; Teller, 1976) 

AG = 1 1 . 1 W 3  (3) 

relating the accessible surface area AG to the molecular weight 
M .  The accessible surface area A of nonglobular structures 
is larger than predicted by eq 3. The ratio A / &  is a measure 
of how globular a structure is. 

We measure the accessible surface area A for all domains 
defined by interface area scans, assuming that they retain their 
conformation when the rest of the protein structure is removed. 
Domains which have A / A G  close to unity are globular as well 
as independent structures. In cases where A / &  is significantly 
larger than 1, a search for globular chain fragments with low 
values of A / A G  may be performed. An algorithm based on 
this approach has recently been proposed by Rashin (1981), 
who gives a different, yet closely related, definition for the 
globularity index used in the search. 

Results 

Interface Area Scans and Domain Structures. Interface 
area scans for several proteins or protein subunits with a variety 
of domain structures of increasing complexity are presented 
in Figure 2. Domains bounded by minima of E in the scans 
are listed on Table I. We give the globularity index A / A G  
of each domain and quote the surface areas of domain in- 
terfaces. For the larger proteins, connectivity diagrams (Figure 
3) illustrate the domain structure as defined by the scans of 
Figure 2. 

EPTI and Cytochrome b5. The scans of the bovine pan- 
creatic trypsin inhibitor and of cytochrome b5 are bell shaped 
and have no significant minimum. These proteins appear as 
single domains. They are typical small globular proteins 
(though their shape is far from spherical), with A / A G  near 
unity. 

Immunoglobulin X Chain. The scan has a minimum at 
residue 109 where E is very low (250 A2) since the variable 
(1-109) and constant (1 10-214) domains hardly interact. In 

1 N/2 i N  

FIGURE 1: Interface area scan of a sphere. A sphere, representing 
the protein molecule is cleaved into two fragments by a vertical plane. 
The N-terminal fragment has i residues and the C-terminal, N - i; 
i and N - i are proportional to the volumes of the spherical caps on 
the left and right of the dividing plane. The interface area B is twice 
the area of the circle of intersection. When the abscissa u of the plane 
increases from 0 to 2, the plane moves through the sphere from left 
to right; i = (N/4)u2 (3 - u)  increases from 0 to N ,  and B = (A/2)u(2  
- u )  goes through a maximum equal to half the total area A of the 
sphere. The bell-shaped curve representing B as a function of i may 
also be taken to represent the interface area scan of a globular protein. 

contain deep minima which define domain boundaries. 
Iterative Cleavage Algorithm. Interface area scans may 

be used to construct a tree of binary divisions of the polypeptide 
chain, representing a hierarchy of domains and subdomains 
in the protein (Rose, 1979). We first cleave the chain at  the 
lowest significant minimum of E in an interface area scan run 
on the complete protein. Then we run similar scans on each 
of the two fragments, find the lowest significant minima, and 
cleave the fragments. The process may be repeated for as long 
as the scans contain significant minima. A minimum at 
position i will be considered as significant if E is at least 2a 
lower at  position i than its highest values in segment 1 to i and 
segment ( i  + 1) to N (end of the chain). In the same way, 
minima differing by 2u or less are considered as equivalent. 

The noise level u is estimated from differences in interface 
areas at  adjacent positions i and i + 1 along the scans: 

1 N-1 

N -  1i=1 a* = - (Ei+l - Bi)' (2) 

a is close to 100 A2 for all proteins examined. 
An application of the iterative cleavage algorithm to gly- 

cogen phosphorylase is illustrated below. In this as in most 
cases that we tried, minima of E in scans of the second or third 
generation are also minima of E in the primary scan run on 
the complete protein. Thus, most of the information on sub- 
domain structure that the algorithm yields is present in the 
primary scan. When the scan contains several minima, iter- 
ative cleavage may still be used to rank them. 

Two-Dimensional Interface Area Scans. Interface area 
scans cleave protein structures into domains formed by con- 
tinuous stretches of polypeptide chain (continuous domains). 
They might not apply to proteins where discontinuous domains 
are interrupted by continuous ones, as the chain must be 
cleaved at more than one point at a time to define the domains. 
Such cases may still be treated by measuring interface areas 



6546 B I O C H E M I S T R Y  WODAK A N D  J A N I N  

1 109 214 1 71 164 1 85 1 58 

1 168 344 1 1 125 189 307 
3 74 

1 107 212 

each domain, the scan is similar to that of BPTI or cytochrom 
b5. The constant domain is less globular than the variable 
domain. 

Phage T4 Lysozyme and Papain. The division of these 
proteins into two domains is well established. The scans display 
it clearly, though the domain interface areas (the value of B 
at its minimum) are larger than in the X chain, about 1300 
A2 in phage lysozyme and 2500 A2 in papain. These values 
are similar to subunit interface areas measured in several 

protein-protein complexes (Chothia & Janin, 1975; Wodak 
& Janin, 1980). The domains have A/AG ratios near unity 
and form globular structures. Yet, the scans contain significant 
secondary minima, which may be interpreted as subdomain 
boundaries. For instance, minima of B at positions 9 and 48 
in papain delimit a typical Pap unit (Levitt & Chothia, 1976) 
formed by segment 10-48 of the N-terminal domain. 

Trypsin and Serine Proteases. Scans obtained with trypsin, 
chymotrypsin, elastase, and the bacterial a-lytic protease are 
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Table I: Domain Structure of Proteins 

globularity 
index interfaceb 

protein domainsa A/AG areas (A') 

BPTI 1-5 8 
cytochrome b 1-85 
immunoglobulin 1-109 

h chain 110-214 
phage T4 1-7 1 

lysozyme 72-164 
Papain 1-107 

108-21 2 
trypsin 16-121 

122-245 

86-237 
carboxy- 1-125 

concanavalin A 1-85 

peptidase A 126-189 
190-307 

76-151 
15 2-3 16 

Rhizopus pepsin 1-15 1 
152-173 
174-324 

alcohol 1-168 
dehydrogenase 169-344 

345-374 
phosphorylase 1-283 

284-483 
484-658 

thermolysin 1-75 

659-841 

p chain 80-146 
hemoglobin 1-79 

hen lysozyme 1-38 + 88-129 
39-87 

0.99 
0.96' 
1.09 250 
1.19 
1.01 1300 
1.04 
1.02 2500 
1.04 
1.10 3700 
1.20 
1.17 3200 
1.19 
1.04 1950, 2450 
1.04 1350 
0.96 
1.01 2350, 50 
1.00 2400 
0.98 
1.03 1250, 1200 

1.06 
1.23 1900,1450 
1.15 500 

1.37 2900,1950,1400 
1.15 250, 1350 
1.08 4500 
1.23 
1.26 2300 
1.13 
0.97 1400 
0.97 

(0.95)d 1200 

(0.90)d 

O1 Limits from interface area scans. Interface areas are quoted 
for pairs of domains. When there are more than two domains, 
values quoted on a given line correspond to interfaces with each 
one of the following domains in order. ' Or 1.08 without the 
heme group. Values ofA/AG for segments of less than some 
40 residues are not meaningful. e Limits from Figure 6. 

similar. They all have a minimum at residue 121 (chymo- 
trypsin numbering), which defines two domains in serine 
proteases, often described as made of one barrel each (Blow, 
1971). In trypsin, the two domains 16-121 and 122-245 have 
globularity indices larger than 1.10. Removal of the N-ter- 
minal segment 16-22 from the first domain and of the C- 
terminal a helix 235-245 from the second brings A/AG down 
near unity. These short segments of each domain interact 
mostly with the other domain. 

McLachlan (1979) has shown that the P-barrel unit du- 
plicated in serine proteases may itself be considered as a du- 
plication of a motif formed by four P strands. If the motif 
forms subdomains, boundaries are expected near residues 58 
and 190, where the interface area B is effectively maximum. 
Indeed, the four-stranded motifs defined by McLachlan (1979) 
closely interlock to form /3 barrels, and the interface area scan 
displays their many interactions. In addition to the minimum 
at residue 121, the scan has significant minima at residues 83 
and 160. They delimit segment 84-121 in the first domain 
and segment 122-160 in the second, which form large P 
hairpins with relatively fewer interactions to the rest of the 
protein structure. The importance of these secondary minima 
relative to the deeper one at residue 121 decreases from trypsin 
to elastase to a-lytic protease. 

Concanavalin A .  A deep minimum of B cleaves the subunit 
at residue 85. The two domains (Liljas & Rossmann, 1974) 
are of unequal size; they form P sandwiches of respectively 
six and seven /3 strands (Figure 3). The globularity indexes 

L 
307 

C PA 

TLS 

CON A 

ADH 
FIGURE 3: Connectivity diagrams. The connectivity diagrams of 
carboxypeptidase (CPA), concanavalin A (CON A), alcohol de- 
hydrogenase (ADH), and thermolysin (TLS) are inspired from Levitt 
& Chothia (1976). Squares represent @ strands and circles, a helices. 
Numbers mark limits of domains and subdomains from Figure 2. 
Envelopes in full line indicate domains and dashed lines, subdomains. 

of the domains and that of the whole subunit (1.10) are rather 
high. In most oligomeric proteins, isolated subunits have larger 
accessible surface areas than monomeric proteins of the same 
size (Sprang et al., 1979; Janin, 1979). Secondary minima 
in the scans at positions 40 and 130 delimit groups of three 
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the interface with domain 1-168 is much larger (1450 A2), 
showing the close association of the C-terminal to the catalytic 
domain. 

Domains 1-168 and 169-344 are not globular, nor is the 
alcohol dehydrogenase subunit itself (Sprang et al., 1979). The 
NAD binding domain, which forms most of the subunit- 
subunit contacts in the dimeric molecule, loses more than its 
excess accessible surface area in these contacts, but the cat- 
alytic domain does not. 

Secondary minima of B at positions 27 and 87 delimit 6 
hairpins (residues 1-27 and 28-86), which form subdomains 
in the catalytic domain. In the NAD binding domain, the 
interface area scan has a significant minimum at position 246. 
Cleavage at this point separates the six-stranded a/P structure 
into two symmetrical parts. 

Glycogen Phosphorylase. According to Sprang & Fletterick 
(1 979), the glycogen phosphorylase subunit (841 residues) 
folds into two structural domains comprising residues 1-489 
and 490-841. The first domain can be further divided into 
two subdomains of about 310 and 160 residues (Weber et al., 
1978), with the second forming a glycogen storage site. 

Not surprisingly, the interface area scan of this large 
molecule is complex (Figure 4A). B is minimum at residue 
483, in agreement with the crystallographers’ description. Yet, 
the scan has many other significant minima, which may be 
analyzed by the iterative cleavage algorithm. Interface area 
scans are run on fragments 1-483 and 484-841; the lowest 
minima of B in these scans define the limits of subdomains, 
on which the procedure is repeated. Figure 4A shows scans 
obtained at the third cycle, together with the primary scan for 
the whole subunit. Minima of B in these scans define sub- 
domain boundaries. It can be seen that they also correspond 
to minima of B in the primary scan, though not necessarily 
to the deepest minima. 

The subdomain structure obtained after the third cycle is 
drawn over the connectivity diagram of the glycogen phos- 
phorylase subunit (Figure 4B). Fragment 1-483 is split first 
at residue 283, which divides its central nine-stranded @sheet 
into five- and four-stranded parts, and defines domain 
284-483, equivalent to the glycogen storage domain proposed 
by Weber et al. (1978). Further cleavage removes the N- 
terminal end of the chain and places subdomain boundaries 
at positions 143, 189, and 251 in the first domain and positions 
405 and 45 1 in the glycogen storage domain. The C-terminal 
fragment 484-841 is arranged around a six-stranded /3 sheet 
with the same connectivity as in NAD binding domains of 
dehydrogenases. The iterative cleavage algorithm splits it at 
position 658 into two symmetrical parts, as in alcohol de- 
hydrogenase above. Secondary minima of B delimit a bundle 
of four a helices (positions 484-536) and also the C-terminal 
segment 811-841, which are not part of the central a/@ 
structure. 

Like the glycogen phosphorylase subunit itself (Sprang et 
al., 1979), domains are not globular. Domain 1-283, which 
has the highest A / A G  ratio, is heavily involved in the large 
dimer interface. The domain interface areas quoted in Table 
I indicate that domain 1-283 also interacts strongly with the 
three other domains of the subunit. The interface between 
the two halves 484-658 and 659-841 of the C-terminal 
fragment is particularly extensive (4500 A2), which explains 
why they have been considered as a single very large domain. 

Domains and Exons in Globins and in Hen Lysozyme. 
Globins. Figure 5 shows the interface area scan of the p chain 
of human hemoglobin. It has a well-defined minimum near 
residue 79. Scans of the hemoglobin a chain of myoglobin 

p strands in each p sandwich. 
Carboxypeptidase A .  Two minima of B at positions 125 

and 189 define three domains in carboxypeptidase A, in ac- 
cordance with Liljas & Rossmann (1974). Domains 1-125 
and 190-307 represent respectively the right and left halves 
of the a//3 structure (Figure 3), while little secondary structure 
is found in middle domain 126-189. A secondary minimum 
isolates segment 1-50 in the first domain; it forms an a helix 
followed by a /? hairpin at the rightmost edge of the large 
central sheet. The three domains of carboxypeptidase A are 
globular, and each domain interacts with the other two, as 
shown by their large interface areas. 

Thermolysin. Thermolysin is described as forming two lobes 
with about 157 residues in each (Matthews et al., 1974). The 
interface area scan does have its lowest minimum near the 
expected position (at residue 151). But, a comparable min- 
imum is seen at position 75 and significant secondary minima 
elsewhere (positions 109, 212, and 239). The first lobe is 
therefore composed of two domains. It forms an irregular 0 
sheet folded around helix 66-88. The p sheet may be divided 
into two parts on each side of the a helix, with the domain 
boundary at residue 75 occurring in the middle of the helix. 
This is unusual in our analysis and results from each part of 
the P-sheet being in contact with one end of helix 66-88. 
Domains 1-75, 76-151, and 152-306 are globular. The latter 
also contains a globular subdomain 2 12-3 16 (or 240-3 16) 
forming a helical bundle. 

The area of the interface between the first and third domains 
is negligible. They do not interact together; both form large 
interfaces with middle domain 76-1 5 1. 

Acid Proteases. The interface area scan of Rhizopus pepsin 
illustrates the domain structure of acid proteases, made of two 
lobes with half of the polypeptide chain in each lobe. Yet, the 
scan has two equivalent minima at residues 151 and 173. Only 
the second is expected on the basis of the description given 
by Subramanian et al. (1977). Connecting segment 152-173 
is a p hairpin placed between the two lobes. It interacts with 
both, forming equivalent interface areas of about 1200 A. It 
corresponds to p-strands q or r of lobe 1 in the nomenclature 
of Blundell et al. (1979). Domains 1-151 and 174-323 are 
globular. The globularity index of the short connecting seg- 
ment is not meaningful. 

Andreeva et al. (1979) and Blundell et al. (1979) have noted 
that the lobes of pepsin have internal symmetry, with each lobe 
containing twice a structural motif of four p strands. Under 
the assumption that it forms subdomains, boundaries are ex- 
pected near residues 60, 150, 235, and 310. The minimum 
of B at 15 1 quoted above and a secondary minimum at 65 
correspond to the first two boundaries. But, like in serine 
proteases, the interface areas at the boundaries between motifs 
in each domain, that is, the values of B near residues 60 and 
235, are very large, as the motifs interlock to build the 
structure of the domains. Secondary minima of B at residues 
126 and 196 are not related to the motifs. They delimit loops 
(residues 126-1 5 1  and 174-196) bulging out of the p structure. 

Alcohol Dehydrogenase. The scan has a deep minimum at 
residue 168, between the catalytic domain 1-168 and the NAD 
binding domain defined by Rossmann et al. (1975). In their 
classical description of dehydrogenase subunits, they state that 
the catalytic domain of alcohol dehydrogenase is discontinuous 
and contains a C-terminal fragment as well as the first half 
of the polypeptide chain. The scan does not detect discon- 
tinuous domains, but a low minimum of B at residue 344 
defines segment 345-374 as a third domain. Its interface area 
with the NAD binding domain 169-344 is only 500 A2, while 
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FIGURE 4: Glycogen phosphorylase. The interface area scan of the whole subunit is shown in full line on (A), and scans of fragments are 
dashed. Full arrows mark limits of domains and empty arrows, limits of subdomains. The connectivity diagram (B) is adapted from Sprang 
& Fletterick (1979). Subdomains 20-143 and 144-189 cannot be easily represented by an envelope on this diagram. Helices and @ strands 
in these subdomains are labeled with diamonds and inverted triangles. 

and of leghemoglobin are very similar to’the one shown. The 
minimum is at position 74 in the a chain (equivalent to position 
79 in HbS) and at position 85 in the other two globins. Thus, 
the scans divide the globin fold into two domains, at  the 
junction of the E and F helices, with the heme group at  the 
domain in t e r f awas  originally proposed by Wetlaufer (1973) 
and by Ritsyn & Rashin (1975). The interface area is about 
2300 A2, not counting the heme group, a value similar to the 
domain interface area of papain or thermolysin. 

The interface area scans define domains in globins just as 
clearly as they do in the two proteins just cited. Yet, the 
@-chain domains are less globular than those of papain: they 
have fairly large A/& ratios. We searched for globular chain 
segments with a minimum A / A G  ratio and found one in the 
first domain, segment 19-69 of HbS (and similar segments 
in other globins), which includes helices B, C, and D and the 
part of helix E that packs onto helix B. This segment has 
A/& close to unity and forms a globular core within the first 
domain. In the second domain, segment 107-138, a hairpin 
formed by G and H plays the same role. Similar results have 
been obtained by Rashin (1981), while G6 (1981) draws 

different conclusions from diagonal plots. 
Rossmann & Argos (1975) observe a structural homology 

between a-helical parts in cytochrom b5 and globins. They 
define a heme binding unit which in the hemoglobin /3 chain, 
comprises about 48 residues between positions 12 and 107. 
This part of the structure forms both sides of the heme binding 
pocket, of which each of the structural domains 1-79 and 
80-146 forms one side. There is therefore no correlation 
between the heme binding unit defined by Rossmann & Argos 
and the structural domain found here. It has been proposed 
(Blake, 1979; Eaton, 1980) that the heme binding unit cor- 
responds to the central exon of globin genes. This exon codes 
for segment 31-104 in several Hb@ genes. Positions 31 and 
104 are near maxima in the interface area scan of Figure 5. 
With the heme group removed, segment 31-104 has an open 
structure with a high globularity index A/AG of 1.4. It  is 
hardly more globular with the heme present ( A / &  = 1.3). 
Prepared by limited proteolysis of the @ chain, segment 31-104 
has been observed to bind heme (Craik et al., 1980). However, 
the complex cannot be made to bind oxygen, and its circular 
dichroism indicates little a-helical structure, unless the other 
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FIGURE 5: Hemoglobin j3 chain. The interface area Scan of the human 
deoxy 6 chain shown here is obtained with the heme group omitted 
from the surface area calculations. A Scan made with the heme group 
attached to His-92 would be very similar; the minimum of B near 
position 79 would be less pronounced due to interactions between the 
heme and the two halves of the protein, which increase B by about 
300 AZ. Positions 31 and 104 mark the limits of the central exon in 
several Hbj3 genes. Helical segments are indicated below the horizontal 
axis. 

two exon products and the CY chain are added (Craik et al., 
1981). Thus, the tertiary structure of the central exon product, 
if it has one, is unlikely to resemble the native one. 

Hen Lysozyme. Hen lysozyme has been described as 
forming two domains, a continuous central domain 39-87 and 
a discontinuous domain comprising the N- and C-terminal 
segments (Phillips, 1967; Wetlaufer, 1973). The interface area 
scan has a significant minimum at residue 38, but not at 
residue 87, and its general appearance is that of a single do- 
main protein. Yet, the central domain is well individualized 
in the structure. It shows as a minimum of B in a two-di- 
mensional search, where a segment of variable length L is 
moved along the polypeptide chain (Figure 6 ) ,  a technique 
applicable to proteins containing discontinuous domains in- 
terrupted by continuous ones. The low A/AG ratio confirms 
the globular structure taken by segment 39-87, which forms 
a three-stranded P sheet with an CY helix packed onto it. 

Rossmann & Argos (1976) find structural homology be- 
tween a region of hen lysozyme that contains most of the 
residues binding the substrate, and the first domain of phage 
T4 lysozyme. In their comparison, segment 25-101 of the hen 
enzyme corresponds to 1-73 of the phage enzyme. The sub- 
strate binding unit is not equivalent to the central domain 
39-87, which forms only one side of the binding site. The 
situation is the same as in globins, and here again, a correlation 
between ligand binding regions of the protein molecule and 
exons in the gene has been proposed (Jung et al., 1980). In- 
trons in the hen lysozyme gene occur at positions 28, 81, and 
108. Three of the four exons code for chain segments of less 
than 30 residues. Their extremities fall in the middle of CY 

helices. Segment 28-108 coded for by the second and third 
exons could conceivably form a stable structure in the absence 
of the rest of the chain and be identified to the substrate 
binding unit 25-101 (Matthews et al., 1981). Yet, neither this 
segment nor any of the exon products show as a structural 
domain in our analysis. They have large interfaces with the 
rest of the lysozyme structure (Figure 6 )  and do not appear 
as globular autonomous regions of the protein. 

Discussion 
In all proteins studied here, interface area scans define 

essentially the same domains as does inspection of physical 
models of the protein structure, at least for continuous do- 

L 

120 y 
I 

FIGURE 6: Hen lysozyme. The top part of the figure is an interface 
area scan obtained as in Figure 2. It corresponds to i = 1 in the 
two-dimensional map on the bottom, where the interface area B of 
a chain segment with the rest of the protein is plotted as a function 
of the N-terminus position i and of the length L of the segment. B 
is contoured at 1000,2000, and 3000 A’, with shadings of increasing 
intensity. A large star marks the minimum of B corresponding to 
domain 39-87. Small stars correspond to exon products. Exon limits 
(Jung et al., 1980) and secondary structure in hen lysozyme are 
indicated in between the two parts of the figure. 

mains. A comparison of Table I with published descriptions 
of protein structures reveals a difference only in thermolysin, 
where we show that the N-terminal half forms two distinct 
globular units with a small interface, while it has been de- 
scribed as a single domain. In alcohol dehydrogenase, the 
discontinuous catalytic domain is split into two, but the domain 
interface areas show the association of the N- and C-terminal 
fragments that form the catalytic domain. 

Visual inspection relies on a subjective estimate of the extent 
to which parts of the protein molecule interact. Interface area 
scans give a quantitative measurement of the same. They 
provide a simple and convenient way of cleaving the protein 
structure into continuous domains. They may be used itera- 
tively to yield more details than can be seen easily by in- 
spection, as we show for glycogen phosphorylase. In addition, 
the procedure may be extended when necessary to detect 
continuous domains in the presence of discontinuous ones, for 
instance, in hen lysozyme. 

Surface area is a geometric concept. A geometrical defi- 
nition of domains may not coincide with biochemical or 
functional definitions. Yet, a correlation established previously 
between accessible surface areas and hydrophobic free energies 
(Hermann, 1972; Chothia, 1974) provides a link between the 
two. Interface area scans identify fragments with a minimum 
hydrophobic contribution to their association. Conformational 
energy calculations could be used to calculate the contributions 
of van der Waals and electrostatic interactions. For most 
purposes, however, interface areas, which are correlated to the 
number of contacts (Wodak & Janin, 1978) and are much less 
sensitive to errors in atomic positions, may be taken as crude 
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sequences (exons) correspond to domains in eukaryotic proteins 
(Gilbert, 1978). Introns are found within domains as well as 
between in the immunoglobulin genes. Reshuffling of the 
coding sequences through somatic rearrangement of the ge- 
nome is important in antibody formation. A generalization 
of these mechanisms to protein evolution meets with many 
difficulties, not the least, the absence of introns in the genome 
of prokaryotes. Identical domain structures are observed in 
bacterial and animal proteins, for instance, in serine proteases 
or in glyceraldehyde-3-phosphate dehydrogenases (Biesecker 
et al., 1977), which suggests that introns have had no effect 
on their evolution after prokaryotes diverged from eukaryotes. 
For hemoglobin and for hen lysozyme, there is no correlation 
between exons and the structural domains defined here. The 
significance of the correlation observed between exons and 
heme or substrate binding units remains to be assessed. In 
any case, exon products in globins and in hen lysozyme do not 
constitute domains in the sense of Wetlaufer (1973). 

Underlying Wetlaufer’s definition of domains as globular 
autonomous regions of proteins is a model of protein folding 
for which evidence has accumulated. Parts of the polypeptide 
chain form stable tertiary structures, which are intermediates 
in the formation of the native structure, at least in large 
proteins (Kirschner & Bisswanger, 1976; Baldwin & 
Creighton, 1980). Structural requirements for such inter- 
mediates are similar to those governing the stability of small 
globular proteins, hence the search for chain segments making 
a maximum of internal interactions and a minimum of external 
ones. In contrast, the search for structural homology within 
or between proteins has an evolutionary background: struc- 
tural homology suggests divergence of domains from a com- 
mon ancestral protein. The hypothesis is especially strong 
when homologous structures perform homologous functions 
(Rossmann et al., 1974). 

Let us reconcile the two approaches in a sort of molecular 
equivalent to the classical Haeckel theory of ontogeny: do- 
mains, which are intermediates on the path leading from 
simple to complex during protein folding, have played the 
same role during protein evolution through gene fusion. That 
we find no systematic coincidence between repeating structural 
units and globular autonomous regions may add significance 
to the cases where the coincidence exists: the domains of serine 
proteases and of acid proteases, the NAD binding domains 
of dehydrogenases (also found in phosphorylase) and the im- 
munoglobulins. 
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