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The three-dimensional structure of human angiogenin has been determined by X-ray 
crystallography and is compared here with an earlier model which predicted its structure, 
based on the homology of angiogenin with bovine pancreatic ribonuclease A. Comparison 
of the predicted model and crystal structure shows that the active-site histidine residues 
and the core of the angiogenin molecule, including most of the /3-strands and a-helices, 
were predicted reasonably well. However, the structure of the surface loop regions and 
residues near the truncated C-terminus differs significantly. The C-terminal segment 
includes the active-site residues Asp-116, Gln-117, and Ser-118; Gln-ll7 in particular has 
been shown to be important in affecting the ribonucleolytic activity of angiogenin. Also, 
the orientation of one helix in the model differed from the orientation observed 
experimentally by about 20 ~ resulting in a large displacement of this chain segment. The 
difficulty encountered in predicting the surface loop regions has led to a new algorithm 
[Palmer and Scheraga (1991), J. Comput. Chem., 12, 505-526; (1992), J. Comput. Chem., 
13, 329-350] for predicting the conformations of surface loops. 
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1. INTRODUCTION 

A significant number of protein structures 
determined by X-ray crystallographic and NMR 
techniques have been demonstrated to fall into 
structural families, in which some or all of the 
tertiary structures are similar. Examples include the 
dehydrogenases, having a dinucleotide-binding 
(Rossmann) fold (Rossmann et al., 1975), proteins 
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with an a/[3 barrel (Farber and Petsko, 1990), the 
immunoglobulin family (Williams and Barclay, 
1988), and lysozyme and o~-lactalbumin (Acharya et 
al., 1990). It has also been observed that 
three-dimensional structures are conserved to a far 
greater degree than the corresponding amino acid 
sequences (Rossmann et al., 1974; Blundell et al., 
1987; Chothia and Lesk, 1987). On this basis, a 
number of putative three-dimensional structures 
have been predicted for proteins where an X-ray 
structure of a homologous protein can serve as a 
starting model (Browne et al., 1969). Typically, the 
sequences have been at least 35% identical, with 
active-site residues largely conserved, many non- 
identical residues substituted conservatively, and 
deletions and insertions occurring primarily in the 
surface loops of flexible regions. 

Using these principles of homology modeling, 
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Fig. 1. Sequence alignment and structure classification for ANG and RNase A. The numbering with respect 
to ANG is recorded. ANG, Angiogenin amino acid sequence; RNase A, bovine pancreatic ribonuclease A 
amino acid sequence. Structure classification:., not in this structure/sequence; -, neither a helix nor a strand. 
H, Helix; E, strand; 3, 310 helix; ANG Struc, angiogenin structure (Acharya et  al., 1994); ANG Model, 
predicted angiogenin model (Palmer et  al., 1986); 5RSA Struc, ribonuclease A structure (5RSA coordinates 
from Brookhaven protein data bank). 

a preliminary model of human angiogenin (ANG) 6 
was constructed (Palmer et al., 1986) based on the 
structure of bovine pancreatic ribonuclease A 
(RNase A) (Wlodawer et aL, 1982). Using the 
X-ray structure of RNase A, the backbone and side 
chains of the ANG molecule were fitted taking the 
amino acid deletions into consideration. The 
resultant model was subjected to conformational 
energy minimization with a penalty distance 
function constraining the backbone structure to that 
of RNase A, allowing the backbone and side-chain 
dihedral angles to vary. In the final stages of energy 
minimization, the penalty distance function was 
removed. In all, the model constructed by Palmer et 
al. (1986) for human ANG had a conformation 
closely similar to that of RNase A. 

Angiogenin was first isolated in 1985 based on 
its capacity to induce angiogenesis, the formation of 

6Abbreviations: ANG, Human angiogenin; ASH, Analyze Str- 
uctural Homology; DSSP, Display Secondary Structure of 
Proteins; ECEPP, Empirical Conformational Energy Program 
for Peptides; RNase A, bovine pancreatic ribonuclease A. 

new blood vessels (Fett et al., 1985). The protein 
was derived from a human adenocarcinoma cell line 
and its amino acid sequence revealed a significant 
homology to the pancreatic ribonucleases (Strydom 
et al., 1985); the amino acid sequence of ANG is 
33% identical to that of RNase A. The aligned 
sequences are illustrated in Fig. 1. Three residues 
critical for ribonucleolytic activity in RNase A, 
His-12, Lys-41, and His-119 (Richards and Wyckoff, 
1973), have counterparts in the ANG sequence. 
RNase A has four disulfide bonds, three of which 
are equivalent in ANG: the disulfide bond between 
Cys-65 and Cys-72 in RNase A has no counterpart 
in the ANG sequence. There are six deletions in 
the ANG sequence as compared to RNase A, an 
extra residue at the N-terminus, and four additional 
residues at the C-terminus. The extra residues at 
the termini were not incorporated into the model 
because they seemed likely to project out into the 
solvent and would not affect the structure of the 
core of the molecule. 

The ribonucleolytic activity of angiogenin is at 
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a much lower level than that of RNase A (Shapiro 
et al., 1986; Lee and Vallee, 1989), and RNase A 
does not exhibit angiogenic activity. The objective 
of the construction of a structural model based on 
RNase A was the exploration of the origins of these 
functional differences in terms of sequence 
differences. Moreover, such a model would provide 
a basis for the design of site-directed mutagenesis 
experiments to understand the function of the 
ANG molecule. 

The crystal structure of ANG has recently 
been determined to a resolution of 2~4.A (Acharya 
et al., 1994). Here, we compare the X-ray structure 
with the model constructed by Palmer and 
colleagues and evaluate the validity of the model. 

2. RESULTS AND DISCUSSION 

Figure 2a-c shows stereo drawings of the 
crystal structures of ANG, the predicted model, 
and the crystal structure of RNase A. Structure 
superpositions were carried out with two programs, 
SHP (Structure Homology Program; D. I. Stuart, 
unpublished results), based on the method of 
Rossmann and Argos (1976); and ASH (Analyze 
Structural Homology; D. I. Stuart, unpublished 
results), based on the algorithm of Hendrickson 
(1979). Superimposing the ANG crystal structure 
and the predicted model using the two programs 
produces almost exactly the same result, but SHP 
bases the comparison on spatially equivalent 
residues, whereas ASH compares sequentially 
equivalent residues. The program ASH was used 
for the overall superpositions, except where stated. 
The  rms deviations for selected segments of 
structure were also calculated using ASH, consider- 
ing only those selected residues for the superposi- 
tion calculation, to give a better estimation of the 
modeling in that particular region. 

The rms deviations for all, main-chain, and C ~ 
atoms between the crystal structure and the 
predicted model and between the crystal structures 
of ANG and RNase A are shown in Tables IA and 
IB, respectively. The rms deviation for C a atoms 
alone is 3.2A for the 118 residues in both the 
model and the structure; the rms deviation between 
all 943 atoms is 4.4 A. SHP, comparing 111 spatially 
equivalent residues, gives an overall deviation of 
2.20A, for C ~ atoms. Figure 3 shows the rms 
deviations for individual residues in the model 
(Palmer et al., 1986) and the X-ray structure 
(Acharya et al., 1994). The rms deviation between 

all atoms in the crystal structures of ANG and 
RNase A is 6.5 A; SHP, comparing 116 spatially 
equivalent residues, gives an overall deviation of 
2.26 A for C ~ atoms. 

Secondary structure elements of ANG 
(Acharya et al., 1994), the predicted ANG model, 
and RNase A are shown in Figs 1 and 2. In general, 
these elements have been predicted well in the 
model. Both the model and the ANG X-ray 
structure contain seven /3-strands. Only two of 
these differ markedly in position: strand 2, which 
lies within an extended loop that encompasses 
residues 59-68, and strand 7, near the C-terminus. 
Of the three helices in the ANG crystal structure, 
helix 1 was predicted accurately and helix 2 was 
predicted at an angle of 20 ~ to the helix in the 
structure. The residues for helix 3 were predicted in 
an approximate helical conformation, but their 
dihedral angles 4), 4' and hydrogen bonding pattern 
are such that the program DSSP [Display 
Secondary Structure of Proteins (Kabsch and 
Sander, 1983)] does not classify them as helical. 

Regions of interest and regions where the 
structure and the model differ in conformation are 
discussed below. 

2.1. Residues 1-5 

After optimal superposition of this local 
segment, the rms deviation between coordinate sets 
for all atoms in residues 2-5 of ANG and the 
model is 2.02 A. 

The residues Met- ( -1)  and Gln-1 in the crystal 
structure of ANG were not incorporated into the 
model. The native protein sequence has a blocked 
N-terminus and its first residue is pyroglutamate; 
the preceding methionine in the recombinant 
protein does not affect the biological function of the 
protein (Shapiro et al., 1988). The first residue in 
both the structure and the model is Asp-2, 
corresponding to Lys-1 in the RNase A sequence. 
The first ten residues of the ANG structure and 
their counterparts in the ANG model are shown in 
Fig. 4. Clearly, the helix starting at Ser-4 
corresponds well, but the first two residues of the 
model have very different conformations from 
those in the structure. The main-chain atoms of 
Asp-2 and Asn-3 are 4-5,A, away from the 
equivalent residues in the model. They form a loose 
turn, defined as a bend by DSSP, which is not 
predicted by the model.  The first three or four 
residues in the structure do have a relatively high 
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Fig. 2. Stereo diagrams, with helices represented as coils and strands as arrows. The side 
chains of cystine residues are shown, and the N- and C-termini are indicated. (a) The crystal 
structure of ANG.  (b) The predicted model of ANG,  based on the structure of RNase A. (c) 
The crystal structure of RNase A. The representations of the structures in this and 
subsequent figures are drawn with the program MOLSCRIPT (Kraulis, 1991). 
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T a b l e  IA. RMS Deviations Between the Crystal Struc- 
ture of ANG (Acharya et  al., 1994) and the Predicted 

Model (Palmer et  al., 1986), from the Program ASH 

Residue Main-chain 
numbers All atoms atoms a Carbons 

2-119 4.44A 3,15A 3.21A, 

Table IB. RMS Deviations Between the Crystal Struc- 
tures of ANG (Acharya et  aL, 1994) and RNase A 

(Wlodawer et  al., 1982), from the Program ASH 

Residue Main-chain 
numbers All atoms atoms a Carbons 

1-124 6.48 ~ 6.04 ~ 6.16 A, 

degree of flexibility as assessed by both the quality 
of the electron density maps and their temperature 
(B) factors, but there is little suggestion that they 
adopt the conformation observed in the model. 

It should be noted that it is generally difficult 
to model the N- and C-termini. These regions tend 

to have greater inherent flexibility and solvent 
exposure than the rest of the molecule. Perhaps 
more significantly, as close atomic contacts are 
inevitably introduced during the course of model- 
ing, the structure shifts in response to the repulsive 
forces. In the modeling, the termini of the chain are 
free to move to relieve these close contacts, and are 
therefore less likely to attain the optimum packing 
arrangement corresponding to the X-ray structure. 

2.2. Residues 15-22 

After optimal superposition of this local 
segment, the rms deviation between coordinate sets 
for all atoms in residues 15-22 of ANG and the 
model is 2.81 A. 

This region covers a long segment of extended 
chain between helix 1 and helix 2. The conforma- 
tions of the X-ray structure and the ANG model 
are very different, largely because of the wrong 
assignment of the dihedral angles for proline-18. 
The proline side chain points toward the interior of 
the molecule in the structure, but toward the 
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Fig. 3. The rms differences for all atoms (continuous line) and a carbons (broken line) between the ANG crystal 
structure (Acharya et  al., 1994) and the predicted model (Palmer et  al., 1986). The comparison was done using the 
program ASH. 
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Phe 9 

" ~  Met (-1) ) 
~ t J  

Asp 2 

Fig. 4. An a-carbon trace of residues -1  to 9 of the ANG 
crystal structure (gray) and residues 2-9 of the predicted model 
(white). Phe-9 and the first residues of the structure, Met-(-1) 
and the model, Asp-2, are indicated. 

112 

exterior in the model. As a consequence, the 
subsequent residues are more external in the 
structure. This contributes to the large rms 
deviation for these residues. 

In subsequent modeling studies, some prob- 
lems with the geometry and energy of the proline 
residue in the ECEPP (Empirical Conformational 
Energy Program for Peptides) algorithm (Momany 
et al., 1975, N6methy et al., 1983) were noted. 
These parameters were then revised (Ndmethy et 
al., 1992), taking into account structural informa- 
tion that became available after the ECEPP 
parameters were first developed. The new para- 
meters for proline have proven to be more 
satisfactory, and it is reasonable to surmise that 
problems in modeling proline were due, in part, to 
the inadequate parameters for the proline residue 
itself in the earlier ECEPP algorithm. 

2.3. Residues 21-33, Helix 2 

After optimal superposition of this local 
segment, the rms deviation between coordinate sets 
for all atoms in residues 21-23 of ANG and the 
model is 3.46/~. 

The first residue in the model indentified as 
helical by DSSP is Cys-26, where the agreement 
between the crystal structure and the model is 
good; the position of the disulfide bond is retained. 
Residues 21-25 in the model superimpose less well 
with the equivalent residues in the structure, where 
there is a stronger hydrogen bonding pattern, 
clearly forming an o~-helix; in the model, the 
necessary hydrogen bonds are not formed. For 
example, in the structure, a hydrogen bond is 

Fig. 5. Residues 12-34. The figure shows helix-2 (residues 
21-33) and residue 34 of the ANG crystal structure (gray) and 
corresponding residues from the predicted model (white), pack- 
ing against residues 12-20. The side chain of Arg-33 and the 
peptide and carbonyl of Tyr-14 are shown for the ANG crystal 
structure. 

formed between the carbonyl oxygen of Asp-22 and 
the main-chain nitrogen of the half-cystine, at 
position 26, which are 3.10 A, apart. In the model, 
the distance between these two atoms is 7.29 A,. 
Similarly, in the structure, a hydrogen bond is 
formed between the carbonyl of Asp-23 and the 
main-chain nitrogen of Glu-26, 3.13 A away. In the 
model, these are 6.88 A apart. The relatively good 
agreement for Cys-26 continues for Glu-27 and to a 
lesser extent for Ser-28, but after this there is an 
increasing difference as the helix progresses. This 
arises from the fact that the angle between the helix 
and the rest of the structure is different in the 
crystal structure and the model (Fig. 5). In the 
crystal structure, the helix packs more closely 
against the rest of the protein, i.e., the region of 
extended chain between residues Tyr-14 and Gly-20 
and the /3-sheet comprising 13-1 (residues 41-47), 
/3-4 (76-84), and /3-5 (93-101). In the model, the 
helix leans away from the rest of the tertiary 
structure and is therefore more exterior. The angle 
between the helices in the structure and the model 
is approximately 20 ~ , which is reflected in the 
increasing difference in the C a positions following 
the sequence away from the disulfide bond between 
Cys-26 and Cys-81. This results in the positions of 
the side chains being different, although their 
overall orientation is the same. An example of the 
sort of effect that this difference causes is observed 
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in the case of Arg-33. In the crystal structure, there 
are hydrogen bonds 2.93 and 2.95 A long between 
the nitrogens of the Arg-33 guanidinium group and 
the carbonyl oxygen of Tyr-14 (the conformation of 
this side chain and the carbonyl group is illustrated 
in Fig. 5), whereas in the model, the nitrogens of 
this group are 4.42 and 6.55 A away from the 
carbonyl oxygen. The hydrogen bond between the 
Arg-33 guanidinium group and the carbonyl group 
of Thr-l l  is found in both the model and the 
structure. Similar differences in main-chain posi- 
tion, but not side-chain orientation, continue until 
Pro-38, with the structure and the model,coming to 
a closer agreement for the disulfide bond 
connecting Cys-39 to Cys-92. 

2.4. Residues 57-69 

After optimal superposition of this local 
segment, the rms deviation between coordinate sets 
for all atoms in residues 57-69 of ANG and the 
model is 6.15 ~,. 

Over this region of the protein, the coordinates 
of the crystal structure and the predicted model are 
radically different, as shown in Fig. 6. The disulfide 
bond between Cys-57 and Cys-107 is similar in 
both, but after this the conformation differ. In the 

Lys 60 (X-ray structure) 

Lys 6 

Arg 

Fig. 6. Residues 57-69. An a-carbon trace of the conformation 
of the loop in the X-ray structure (gray) and the model (white). 
The side chains for Lys-60 and Arg-66 are indicated. 

crystal structure, residues Gly-62 to His-65 form a 
short/3-strand on the surface of the molecule with 
loops at both ends. In the predicted model, Lys-60 
and Asn-61 have a /3 conformation, but not 
residues 62-65. This segment of the protein is 
important because residues 60-68 have been 
proposed as a receptor binding sequence, critical 
for the angiogenic activity of ANG (Hallahan et al., 
1991, 1992). Therefore, the conformation of this 
region has particular significance in the examination 
of its functional role, especially in the design of 
mutagenesis experiments. These residues are 
among the least conserved between the amino acid 
sequences of RNase A and ANG (Bond et al., 
1993) and, with respect to RNase A, two residues 
are deleted in the human ANG sequence, between 
Glu-67 and Asn-68. Also, this is the segment of the 
protein where RNase A has an extra disulfide bond, 
not present in ANG. The cysteines are replaced by 
Pro-64 and Leu-69 in ANG. 

2.5. Residues 85-91 

After optimal superposition of this local 
segment, the rms deviation between coordinates 
sets for all atoms in residues 85-91 of ANG and the 
model is 2.98 A. 

The conformations in the X-ray structure and 
in the predicted model deviate from one another in 
this loop quite significantly. These residues, 
particularly Trp-89, have been implicated in the 
binding of ANG to placental ribonuclease inhibitor, 
a protein that inhibits both the enzymatic and 
angiogenic activity of ANG (Shapiro and Vallee, 
1987; Lee and Vallee, 1989; Lee et al., 1989). A 
part of the sequence of this loop region between 
strands /3-4 (residues 76-84) and /3-5 (93-101) is 
unusual: Gly-Gly-Ser-Pro-Trp-Pro-Pro. The flexible 
nature of glycines and the cis/trans conformers for 
proline mean that several different conformations 
would be energetically plausible. Hence, it is not 
surprising that the predicted model varies from the 
crystal structure. Palmer et al. (1986) noted that the 
characteristics of this loop made it difficult to model 
and decided to keep Pro-90 (equivalent to Pro-93 in 
RNase A) in the cis conformation that it adopts in 
the RNase A structure, but to assume that the 
other prolines in the loop (indeed all the other 
prolines in the model) should be in a trans 
conformation. In the ANG X-ray structure, Pro-91 
has a cis conformation and the other prolines are 
trans. 



2.6. Residues 115-123 

After optimal superposition of this local 
segment, the rms deviation between coordinate sets 
for all atoms in residues 115-119 of ANG and the 
model is 3.85 .A. 

Residues after Ile-ll9 were not included in the 
predicted model for ANG. Leu-l l5 shows good 
agreement between the structure and the model, 
but the remaining residues do not have the same 
conformation as in the crystal structure. In the 
structure, Gln-ll7 to Arg-121 form a short 310 
helix, which has no parallel in the model. One of 
the reasons for the poor prediction is this region 
may be that residues 120-123 were not included in 
the model: although these residues were hypothes- 
ized to project away from the core of the protein, in 
fact they form main-chain hydrogen bonds with the 
preceding residues, and the side chains of Phe-120 
and Arg-121 are quite close to the active site 
(Acharya et al., 1994). 

(a) 

2.7. The Ribonucleolytic Active Site 

The essential residues His-13 and His-ll4 are 
predicted well and are in the same conformation in 
both the structure and the model (Fig. 7). They also 
superimpose closely with the RNase A structure. 
Thr-44, residue thought to participate in pyrimidine 
binding (Curran et al., 1993), is also in the same 
conformation. However, the model does not predict 
the positions of the other active-site residues so 
well. Lys-40 is on a loop which has been modeled 
slightly inaccurately: its main-chain atoms are 
approximately 2 A away from their counterparts in 
the X-ray structure and its side chain has been 
modeled pointing away from, rather than toward, 
the catalytic site (Fig. 7). The most significant 
difference is that, in the X-ray structure, Gln-l l7 
adopts a conformation that obstructs the site 
corresponding to the pyrimidine-binding pocket of 
RNase A: this can be seen clearly in Fig. 7, where 
the glutamine residue side chain passes through the 

(b) 

H1 4 
HI1 
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Fig. 7. The active-site region of modeled complexes of human ANG with uridine vanadate (UV). (a) The X-ray 
structure, in gray. (b) The model, in white. The coordinates for the complex of UV with RNase A (Borah et al., 

1985) were obtained from the Brookhaven Protein Data Bank (6RSA). The ANG X-ray structure was 
superimposed on the RNase A structure using the program ASH, and the ANG model was superimposed on the 
ANG structure. The side chains of His-13, Lys-40, His-ll4, Gln-llT, and Ser-l l8 are shown. An a-carbon trace is 
shown for residues 12-15, 39-44, and 113-119. UV is shown in black. 
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uracil ring of the inhibitor uridine vanadate, 
modeled into the active site (Acharya et al., 1994). 
The amide group of the side chain is about 9 ,~ 
away from its position in the model. The X-ray 
structure studies (Acharya et al., 1994) and recent 
mutagenesis studies (Russo et al., 1994) show that 
the conformation of this residue is probably one of 
the most significant sources of the lower ribonuc- 
leolytic activity seen in ANG as compared to 
RNase A. The adjacent residue, Ser-118, is thought 
to form part of the pyrimidine-binding site in 
RNase A (as Ser-123), but in ANG, mutation of 
this residue fails to alter specificity (Curran et al., 
1993). In the model, this residue is in a markedly 
different conformation from its counterpart in the 
ANG crystal structure (Fig. 7). In the X-ray 
structure, the residue points away from the active 
site; the a carbons of Ser-118 in the structure and in 
the model are 7.6,~ away and the side-chain 
oxygen atoms 8.5 A away. It should be noted, 
however, that mutagenesis results (Russo et al., 
1994) suggest that the C-terminal region of ANG 
must undergo a rearrangement in order for RNA to 
be cleaved. It is possible that the 'active' 
conformation adopted after this reorientation is 
more similar to that seen in the predicted ANG 
model. 

3. CONCLUSIONS 

A significant number of models have been 
predicted for unknown protein structures, based on 
known crystal structures (e.g., Warme et al., 1974; 
Swenson et al., 1978; Blundell et al., 1983, 1987; 
Weber et al., 1989). The basis for building 
models--that structural conservation is more 
pronounced than amino acid sequence conservation 
and that a number of protein 'families' are 
becoming apparent--has been noted above. 

However, the literature contains considerably 
fewer comparisons between models and subse- 
quently determined three-dimensional structures 
(e.g., Acharya et al., 1990; Teeter et al., 1990; 
Weber, 1990), and models have met with varying 
degrees of success. 

In the present comparison, the essential 
three-dimensional structure of the core of ANG 
was predicted reasonably well, with the exception 
of helix 2. The angle between the helix in the 
structure and that in the model is quite significant 
and results in differences of up to 7 A between the 

two superimposed coordinate sets. Therefore, the 
tertirary structure predicted by the model is 
incorrect for the interactions between this helix and 
the rest of the protein. 

The other discrepancies between the X-ray 
structure and the predicted model occur mainly in 
the surface loop regions. Most importantly, residues 
60-68, which have been implicated in receptor 
binding, are very different. Some atoms are more 
than 18 ,~ away from the positions of their modeled 
counterparts. There are considerable differences 
between the RNase A and ANG sequences over 
this region and the absence of a disulfide bond 
would be expected to lead to a different 
conformation. However, the model by Palmer et al. 
(1986) does not predict the correct structure. 
Similar cases occur for residues 17-23 and 85-91, 
where the sequences are different from the 
corresponding residues in RNase A and the 
structure and predicted model vary considerably. 

It would seem, then, that despite the overall 
similarity between the ANG and RNase A amino 
acid sequences, the sequence similarity between the 
surface loops in particular was not significant 
enough for accurate template-based three- 
dimensional structure prediction. In their original 
paper, Palmer et al. (1986) recognized the necessity 
of divising methods to model surface loops 
correctly, and subsequently developed an analytical 
procedure for such a purpose (Palmer and 
Scheraga, 1991, 1992). With this procedure, they 
were able to model surface loop regions in 
lysozyme and ribonuclease. As a consequence, this 
newer procedure should increase the reliability of 
model building by homology. Therefore, the 
deviations reported here should be reduced by 
applying this newer procedure to ANG. 
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