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Abstract 

A  new self-correcting  distance  geometry  method  for  predicting  the  three-dimensional  structure of small  globular 
proteins was  assessed with a test set of 8 helical proteins.  With  the  knowledge  of  the  amino  acid  sequence  and 
the helical segments, our completely automated  method  calculated  the  correct  backbone  topology of six proteins. 
The  accuracy  of  the  predicted  structures  ranged  from 2.3 A to 3.1 A for  the helical segments  compared  to  the ex- 
perimentally determined  structures. For two  proteins,  the predicted constraints were not restrictive enough  to yield 
a conclusive  prediction.  The  method  can be applied to  all small globular  proteins,  provided  the  secondary  struc- 
ture is known  from  NMR  analysis or can  be  predicted  with high  reliability. 

Keywords: DIAMOD;  distance  geometry in torsion  angles; helix bundles;  multiple  sequence  alignment;  tertiary 
structure  prediction;  variable  target  function  method 

The  prediction  of  the  three-dimensional  structure  of a protein 
from  its  amino  acid  sequence is still one  of  the  great  unsolved 
problems  in  macromolecular  structural biology (Cohen & Kunz, 
1989). Recently, a new automated  approach  to this problem was 
developed  and  applied  to  myohemerythrin  (Hanggi & Braun, 
1994). First, a protein  sequence  data  bank is searched  for se- 
quences  that  are  similar  to  the given one.  The  multiple  aligned 
sequence  family is then  screened by the  program  MULTAN  to 
detect  sequence  positions  that  are likely to  be  buried or solvent 
exposed.  The  procedure is based on  the  observations  that  the 
three-dimensional  structures of homologous  proteins  are simi- 
lar  (Chothia & Lesk, 1986) and  that  polar  amino  acid  residues 
tend  to  be  solvent  exposed  more  frequently  than  nonpolar resi- 
dues  (Hubbard & Blundell, 1987). Because the  polarity  of  struc- 
turally  important  residues is  highly conserved  in  the  aligned 
sequences,  the  preference  to  be  buried or solvent  exposed  can 
be  detected  more easily  in a family of aligned  sequences  (Hol- 
brook  et  al., 1990; Benner et al., 1994; Donnelly et al., 1994). 
MULTAN  can  also  predict  the  secondary  structure  (Hanggi & 
Braun, 1994). 

The  segments  of  secondary  structures  and  the  inside/outside 
preferences  of  individual residues can  be  translated  into  dihe- 
dral angle constraints  and  distance  constraints, respectively, for 
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distance  geometry  calculations  (Havel et al., 1983; Braun, 1987). 
Distance  geometry  in  torsion  angle  space  (Braun & Gb, 1985; 
Giintert  et  al., 1991) is particularly  suitable  for  modeling  pro- 
tein structures because the  three-dimensional  structures  are cal- 
culated  with  standard  bond  length  and  bond  angle  geometry, 
and  the  steric  hindrance of  all atoms is  explicitly included.  The 
resulting  structures  are  therefore  stereochemically  correct.  The 
high efficiency of  this  computational  method  has been shown 
in the calculations  of  protein  structures from  NMR  data  (Braun, 
1991). 

Distance  geometry  methods  have been  used  in the  past in the 
modeling  of  homologous  proteins  (Havel & Snow, 1991; Sali & 
Blundell, 1993). In these  studies,  spatial  constraints were derived 
from a known  three-dimensional  structure within the family  of 
homologous  proteins.  In  contrast, we deduce our spatial  con- 
straints directly from  the multiple  aligned  sequences, and  there- 
fore we do  not  need a known  three-dimensional  structure. 
Because our predicted distance  constraints  contain  more  errors, 
we have to  detect  and  eliminate  wrong  distance  constraints  dur- 
ing the  distance  geometry  calculations. 

We focus  our  study  on  the  packing  of  a-helical  segments 
because we do  not  want  to  combine it  with the  question of the 
accuracy and reliability of secondary structure prediction.  There- 
fore, we assume  that  the helical segments  are  known  and  the 
backbone  dihedral  angles  of  the  residues  in these segments  are 
constrained  to values as  found  in  ideal  a-helices.  Backbone  di- 
hedral angles of the residues in  the  loops were constrained  ac- 
cording  to  the  known  distribution  maps of the 4 and 4 angles 
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of  the  amino  acid  residues  (Kamimura & Takahashi, 1994). The 
x ' dihedral  angles  of  the  residues  in  the  helical  segments  were 
constrained  to  the  preferred  rotamers  of  the  side  chains  in  the 
helices  (Dunbrack & Karplus, 1994). 

Distance  constraints  were  obtained  by a statistical  study  on 
a set  of  high-resolution  X-ray  structures,  where  we  excluded our 
test  proteins.  Inconsistent  distance  constraints  were  automati- 
cally  detected  by  an  analysis  of  residual  constraint  violations 
and  eliminated  during  the  calculations  in a n  iterative  way.  This 
self-correcting  algorithm,  implemented  in  the  distance  geometry 
program  DIAMOD  (Hanggi & Braun, 1994), proves  to  be a 
powerful  tool  to  accurately  predict  three-dimensional  protein 
structures. 

We assess the  strengths  and  limitations  of  our  method  in a test 
set of eight  small  a-helical  proteins  with  different  topologies. 
All  test  proteins  consist  of a single  domain  with a well-defined 
hydrophobic  core.  Even  in  the  case  of  only a few  helices,  very 
different  global  folds  with  good  hydrophobic  packing  and  low 
conformational  energies  can  be  generated  (Chou et al., 1988; 
Tuffery & Lavery, 1993; Mumenthaler & Braun, 1995). The  cor- 
rect  handedness  of  helix  bundle  structures  represents a further 
difficulty  in  predicting  the  global  fold  of  these  small  helical  pro- 
teins. Our completely  automated  method  calculated  the  back- 
bone  fold  of six proteins  with  the  highest  accuracy  and reliability 
reached so far  without  using  three-dimensional  structures  of  ho- 
mologous  proteins. 

Results 

Application to eight a-helical  proteins 

The  three-dimensional  structures  of our test  proteins  (Table 1) 
were  previously  determined  by  X-ray  diffraction  method or 
NMR spectroscopy.  The  pheromone Er-10 (Brown  et  al., 1993), 
the  DNA-binding  domain of the  c-myb  proto-oncogene  prod- 
uct  (Ogata  et  al., 1992), and  the Antennapedia homeodomain 
(Qian  et  al.,  1989) contain a three-helix  packing  motif.  Myo- 
hemerythrin  (Sheriff  et  al., 1987), the   J-domain  of   DnaJ  f rom 
Escherichia coli (Szyperski  et  al., 1994), the  de  novo  designed 
protein  FELIX  (Hecht  et  al.,  1990), and calbindin  (Svensson 
et  al., 1992) are  all  four-helix  bundles.  The  DNA  binding  do- 
main  of  the  repressor  protein  from  the P434 phage  (Mondragon 
et  al., 1989) consists  of  five  helices.  The  helix-packing  topolo- 
gies  of  all  of  these  proteins  are  different,  with  the  exception  of 
c-myb  and Antp homeodomain.  These  proteins  have,  however, 
only a low (28%) amino  acid  sequence  identity. 

In  all  eight  proteins,  the  majority  of  residues  were  correctly 
predicted  to  be  buried or solvent  exposed  (Table 1). After  the 
for th   DIAMOD cycle  we  selected  the 25 structures  with  lowest 
target  function  values  from  the  final 50 structures.  The  target 
function  values  used  in  DIAMOD  indicate  how well the  calcu- 
lated  structures  fulfill  the  input  constraints  (Hanggi & Braun, 
1994). For  four  proteins,  Er-10,  c-myb, Antp homeodomain, 

Table 1. Predicted  inside/outside residues, distance and dihedral angle constraints, 
and RMSDs  of the predicted structures from the NMR/X-ray structures 

- - 

Prediction' Constraints 

Inside residues Outside residues Numberd Vo Correcte RMSD (A) 
No. of 

Protein  namea Length seq.b  T  C W T C W Dist. Angle Start End Clust' p.a.g ( r n ) h  

Pheromone Er-10 38 5 10 5 4  9  6 1 1 1 4  61 53 62 1 1.5 3.0 
C-myb 51 31 11 5  2 17 14 2 173 93  29 52 1 1.3 3.1 
Antp homeodomain 68 90 9  7 1 24  14 3 350 133  52 69 1 1.8 2.4 
Myohemerythrin 118 7 16  15 0 16 6 3 564 211  56 74 1 1.9 2.3 
DnaJ 75  29 8 6 0 21  15 1 265 133  52 59 2 2.6 2.1 
FELIX 79 1 15 10 2 21 14 1 505 145  53 65 2 1.7 2.9 
Repressor (434) 69 5 10 8 1 19 7 2 301 113 73 77 - 7.3 
Calbindin 75  13 1 1  10 0 24  12 3 488 141 68 67 - 7.2 - 

- 

a PDB codes of the protein structures are: lERP  (Er-lo),  IPOM (C-myb), IHOM (Antp),  2MHR (myohemerythrin), IFLX  (FELIX), 1R69  (434 
repressor), and 4ICB (calbindin). With the exception of C-myb and  FELIX, these are NMR/X-ray  structures used as reference structures in this 
work. IPOM (C-myb) is a model structure known to have small deviations from the NMR structure  (Murthy, 1993). FELIX is a protein that was 
artificially designed to have a left-handed 4  a-helical topology. Even though  no NMR or X-ray structure is available yet, chemical evidence sug- 
gests that  the  protein does indeed have the predicted fold (Hecht et al., 1990). 

Number of homologous sequences used for the  prediction. 
Total number (T) of residues predicted to be inside or outside; number of residues correctly (C) and wrongly (W) predicted. 
Number of distance and angle constraints for use in distance geometry calculations. 

e Percentage of correct distance constraints  before and after  the  DIAMOD calculations using the self-correcting distance constraint  algorithm. 

' Number of clusters among  the 25 final DIAMOD  structures with lowest target  function values. 
g Average pairwise RMSD value among  the 10 structures with lowest target function values. 

Angle constraints usually were correct within a  tolerance range of *30". 

RMSD of the predicted structure to the reference NMR/X-ray structure  obtained by superimposing all backbone atoms of the helical regions. 
At the end of  cycle  IV, the  structures were sorted with respect to their target  function values. The 10 with lowest rank were then selected. The pre- 
dicted structures  are the mean structures of these 10. The helical regions are: L2-L8, E12-CI9, and K24-W32 for Er-10; ES-LZI, W25-L31, and 
D37-S46 for C-myb; R11-HZ2,  R29-L39, and E43-E60 for Antp homeodomain; E19-R37,  A41-A64, V71-184, and A93-K108 for myohemeryth- 
rin; Y6-Vl2, E18-K31, and K41-L57 for  DnaJ; E3-Ll8, E23-135,  A42-T57, and Q63-H70 for FELIX;  SI-Ql2, N16-422, Q28-N36, L45-AS1, 
and V56-N61 for the 434 repressor protein; S2-KI6, S24-F36, T45-D54, and S62-475  for  calbindin. 
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and myohemerythrin,  the self-correcting distance geometry cal- 
culations converged to a  unique and well-defined cluster of cor- 
rect structures. For two proteins, DnaJ  and  FELIX, two clusters 
could be found within the 25 selected structures.  In both cases, 
the structures in the correct clusters had significantly lower fi- 
nal target function values. All 25 structures of the six proteins 
were sorted  according to their final  target  function values. As 
a representative predicted structure, we chose the mean  struc- 
ture of the 10 best ranking structures.  The  RMS  deviation 
(RMSD) values for all backbone atoms in the helices of these 
predicted structures are  about 3 A compared to experimentally 
determined  structures (Table 1). 

In  Figure  1 we show the distribution of the RMSD values of 
all 25 individual  structures for  the six proteins Er-10, C-myb, 
Antp homeodomain, myohemerythrin, DnaJ,  and FELIX. Al- 
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Fig. 1. Distribution of RMSDs of the 25 structures with lowest target 
function values for (A) Er-10, (B) C-myb, (C) An@ homeodomain, (D) 
myohemerythrin, (E) DnaJ,  and (F) FELIX after the DIAMOD cycle 
IV. Each of the structures were superimposed with the NMR/X-ray ref- 
erence structures on all backbone  atoms of the a-helical  regions, and 
the RMSD values of these atoms were calculated.  Hatched areas show 
the distribution of the 10 structures with lowest target functions. 

most all structures have RMSD values below 4 A. In  the case 
of Er-10, there are  no outliers (Fig. 1A). Only for  the protein 
FELIX did a  substantial  fraction of structures have a clearly 
wrong fold, a  right-handed helix bundle, with RMSD values 
above 10 A. For all six proteins the 10 structures with  lowest tar- 
get function values had the correct fold, as illustrated by the 
hatched area in Figure 1 .  

Convergence of the DIAMOD cycles 

During the self-correcting DIAMOD cycles, the number of cor- 
rect constraints increased significantly for these six proteins. 
Constraints with large errors were particularly well detected: the 
number of violations above 9 A in all six proteins decreased from 
73 for  the initial constraints to 22 after  the  fourth DIAMOD 
cycle. The residue-based correction in the first DIAMOD cycle 
only changed constraints in the calculations where inside residues 
were wrongly predicted,  i.e., in Er-10,  C-myb, Antp homeo- 
domain,  and 434 repressor. For all eight proteins, 57 constraints 
changed from the upper limit constraint list to  the lower limit 
constraint list during this first cycle. This led to 53 correct con- 
straints and 4 wrong constraints with  relatively small violations 
of less than 3 A compared to the  NMR/X-ray  structure. 

The  automatic elimination of errors in the  constraint list dra- 
matically improved the quality of the calculated structures as il- 
lustrated in Figure 2 for  the  DIAMOD cycles l, 111, and IV in 
the calculation of myohemerythrin.  A well-defined four-helix 
bundle clearly emerges after  the third and  fourth cycle. 

The  procedure did not converge for calbindin and  the 434 re- 
pressor.  No clusters could be found in the final  structures for 
these proteins and the pairwise RMSD values among  the 10 
structures with lowest target  function values were greater than 
7 A. The relatively  high number of correct initial constraints for 
these two proteins indicates that the applied distance constraints 
were not sufficiently restrictive. Due to the larger number of de- 
grees of freedom that  both of these proteins with short helices 
and long loops possess, DIAMOD found many different  folds 
that fulfill the input  constraints with  low violations. The self- 
correcting  algorithm based on  the detection of large violations 
could  therefore  not operate properly.  A few specific distance 
constraints might improve the convergence of the  calculations, 
as has been previously shown (Hanggi & Braun, 1994). 

Robustness and accuracy of the prediction 

We analyzed the distribution of the final  target function values 
to study the robustness of our method.  The target function val- 
ues achieved by the best structures after the fourth DIAMOD 
cycle are listed  in Table 2. The best ranking structure always had 
the correct global fold with an RMSD around 3 A compared to 
the reference structure. We searched for  the best ranking struc- 
ture, which is not included in the correct  cluster, and listed its 
target  function value, rank,  and RMSD value. We found that 
the target  function values of these wrong folds are typically a 
factor of 2 higher than  the lowest target  function values. These 
values can therefore be used in a relative scale as a quality cri- 
terion to select correct structures. 

Figures 3 and 4 show the high accuracy of the predicted struc- 
tures. All the helical segments of the predicted structures have 
the same orientation as in the reference structures.  The figures 
also demonstrate  the diversity of the  backbone folds for the six 
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proteins  where the  DIAMOD cycles converged. Our method  cor- 
rectly predicted  the  right-handed  four-helix  bundle  of  myohe- 
merythrin,  as well as  the  left-handed  bundle  of  the  protein 
FELIX (Fig. 4). 

To  elucidate  the  influence  of our x' and  loop  angle  con- 
straints  on  the  handedness, we have  repeated  the  calculations 
for the  two  proteins  excluding  these  angle  constraints (see Ta- 
ble 2). The  results  show  that  the  differences in the  target  func- 
tion values  between correct  and  wrong  folds  become  much 
smaller,  but  the  correct  fold still scores  best. Because we have 
not  included specific  rules for  a-helical  packing,  the  correct 
handedness for both  proteins is  a consequence  of  quite  subtle 
differences in the  distribution of hydrophobic  and  hydrophilic 
residues in the  a-helical  segments. 

The  Ramachandran plots of the calculated structures  are sim- 
ilar to  those  obtained  from  high-resolution  X-ray  and  NMR 
structures.  The  maximal  van  der Waals violation in the 25 best 
structures varied from 0.05 A to 0.3 A for  the six proteins where 
our procedure  converged.  The use of all  atoms in the  calcula- 
tion  did  not cause a prohibitive computational  burden.  The  four 
DIAMOD cycles of all 50 structures  required 0.5-3 h  of cpu time 
on a Cray  Y-MP,  depending  on  the size of the  protein. 

Discussion 

The  automatic  generation of distance  and  dihedral  angle  con- 
straints with MULTAN in combination with DIAMOD correctly 
predicted a variety of different  folds  of  small helical proteins. 
Particularly  intriguing is the  correct  prediction of a left-handed 
fold  for  the  protein  FELIX  and a right-handed  fold  for  the  pro- 
tein myohemerythrin.  The calculations performed  for these two 
proteins  without  the  dihedral  angle  constraints in the  loop re- 
gions  and  the x' angle constraints for the side chains in the he- 
lical regions show that these constraints have a positive influence 

Table 2. Target function values of best ranking structure 
and best ranking wrong structure 

Best ranking Best ranking  wrong 
structurea  structure' 

~~ .~ 

RMSD  RMSD 
Protein TFb (A) TFb Rank (A) 

Er-IO 0.11 2.9 - - 

C-myb 1.22 3.2 4.39 15 8.0 
Antp  homeodornain 3.18  2.5 5.37 11 4.3 
Myohemerythrin 3.94 2.4 7.55 15 4.1 
DnaJ 1.36 3.6 3.41 6  4.8 
FELIX 4.96 3.0 10.03 13 10.9 

Myohemerythrin' 5.68 3.0 7.87 5 6.9 
FELIXe 8.89 2.9 9.36 4 10.6 

d - 

a Structure  with  lowest  target  function. 
Target  function values. Only  constraint  violations were considered. 

Van der  Waals  violations  were  not  taken  into  account. 

Fig. 2. Effects of the self-correcting  algorithm  in  the  calculation  of structure cluster (see text for definition of cluster). 
Best ranking  structure  that  was  not  identified  as  part  of  the  correct 

myohemerythrin. The IO structures with lowest target  function  after  the d All 25 with lowest target function values were part of the 
DIAMOD cycles (A) I, (B) 111, and (C) IV  are  superimposed  with  their cOrrect cluster, 
backbone  atoms  in  the  &-helical  regions. e Calculations  excluding x ' and  loop  angle  constraints. 
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Fig. 3. Superposition of the predicted 
structures  (bold lines) with  the  NMR/ 
X-ray  reference  structures  (thin lines) 
for  the  proteins  (A) Er-10, (B) C-myb, 
( C )  Antp  homeodomain,  and (D) 
DnaJ.  Predicted  structures  are  the 
mean  structures of the 10 DIAMOD 
structures  with lowest target  function. 
The  reference  structure of C-myb is 
the  model  structure  deposited  in  the 
Brookhaven Protein  Data  Bank, which 
is known to  have relatively small devi- 
ations  to  the  NMR  solution  structure 
(Murthy, 1993). N-  and  C-terminal 
ends  outside  the helical region are  not 
shown. 

on the prediction, but the best scoring structures calculated with- in the calculations with and  without  the  dihedral angle con- 
out these constraints still have the correct  folds.  This indicates straints, whereas for FELIX a cluster with a  substantial  num- 
that  the distribution of hydrophilic and hydrophobic residues ber of right-handed  structures was observed (Fig. ID,F). 
along the sequence determines the helix packing in these two pro- Further improvements of our method can be expected at dif- 
teins. There is a quantitative difference in the robustness of the ferent levels. The accuracy of the method  should  improve with 
prediction for  the two  proteins. For myohemerythrin, no left- the increasing number of sequences in the sequence data banks. 
handed structures were found  among the best 25 final structures Intrinsic  limitations  arise if  conserved charged residues, classi- 
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Fig. 4. Correct  prediction of right-  and 
left-handed helix bundle topology by 
the DIAMOD calculations. A: Predicted 
structure of myohemerythrin  (green)  was 
superimposed on the  X-ray  structure (or- 
ange). B: Predicted  structure of FELIX 
(green) is superimposed on the model 
(IFLX) as  deposited in  the PDB (orange). 
Figure  prepared  with  the  program  Midas- 
Plus (Ferrin  et al., 1988). 

fied as potentially solvent exposed, form salt bridges in the in- 
terior of the  protein. Analysis of correlated  mutation might be 
able to detect such specific pairs (Shindyalov et al., 1994; Tay- 
lor & Hatrick, 1994). In addition, residue-type specific distance 
constraints, derived from simplified residue-pair potentials  as 
used in the inverse folding problem, might lead to convergence 
for more complex protein folds (Bowie et  al., 1991; Casari & 
Sippl, 1992; Jones et al., 1992; Maiorov & Crippen, 1992; God- 
zig et  al., 1993). 

In our earlier work  (Hanggi & Braun, 1994), we generated up- 
per limit distance constraints between inside residues and lower 
limit distance constraints between outside residues. Experience, 
however, has shown that incorrect upper limit constraints could 
be detected much more easily than incorrect lower limit con- 
straints  during  the  DIAMOD calculations. This might be due 
to  the van der Waals repulsion of the individual atoms, which 
defines an absolute limit to  the protein packing, whereas lower 
limit distance  constraints are more easily fulfilled, yielding less 
densely packed structures. 

Related methods have been published. The first predictions 
for a-helical  proteins used helix-packing rules (Richmond & 
Richards, 1978; Cohen et  al., 1979). The procedure used  in a pre- 
diction of the three-dimensional structure of the transcriptional 
transactivator c-myb (Frampton et al., 1991) was not automated. 
Another approach, based on the embedding algorithm for C" 
atoms (Taylor, 1993), requires starting models with approxi- 
mately correct  fold. 

The genetic algorithm  (Dandekar & Argos, 1994) has also 
been used to fold four-helix bundle proteins. For idealized bun- 
dles, where the amino acid sequence  was replaced by a sequence 
matching perfect amphipathic wheels for the helices, the struc- 
tures  obtained with the highest score were quite close to correct 
right-handed bundles. With the amino acid sequences  of the cy- 
tochrome b562, cytochrome c', and myohemerythrin,  the  cor- 
rect folds were found only in  about half of the simulations. The 
final scores obtained by the genetic algorithm were higher by 

only about 1.5% on average for the correct folds  compared to 
the failures. These small differences would not justify rejection 
of the  structures with the incorrect fold. 

In  an impressive work based on lattice Monte Carlo simula- 
tions (Kolinski & Skolnick, 1994), three small protein structures 
could be successfully predicted with an accuracy of 3-4 A for 
the Ca  atoms. The protein model consisted of C" atoms on a 
lattice and spheres representing residue  side chains. The method 
does not require information about the secondary structure and 
is therefore  comparable to  our calculations with DnaJ  and FE- 
LIX.  Correct  folds could be distinguished by lower energy val- 
ues. Because the  potential employed by this  Monte  Carlo 
method  has not yet  been tested on a large variety of different 
folds, it remains to be seen if the heuristically chosen weight pa- 
rameters have general validity. 

Overall, the results of the self-correcting distance geometry 
calculations are very promising for further applications in the 
prediction of three-dimensional protein structures. Other meth- 
ods have not yet been applied to a  comparable variety of dif- 
ferent helical folds. A reliable prediction of all a-helical folds 
based on  the  amino acid sequence and  the knowledge of  heli- 
cal segments is a realistic challenge for automated prediction 
methods  in  the near future. 

Methods 

Prediction of buried and solvent-exposed residues 

Homologous amino acid sequences to each of the eight protein 
sequences were identified in the  PIR,  MIPSX,  and Swiss-Prot 
sequence databases  and aligned with the PILEUP tool of the 
GCG (Genetics Computer,  Inc.)  software package (Devereux 
et al., 1984). Residues were then predicted to be buried or sol- 
vent exposed with the program MULTAN (Hanggi & Braun, 
1994). The similarity matrix of Risler et al. (1988) was used in 
the multiple alignment. From a statistical study (Hubbard & 
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Blundell, 1987), we defined two subgroups of residues, one con- 
taining  potentially  buried residues, i = (C, M, I,  V, L, W, F ) ,  
and one containing potentially solvent-exposed residues, o = [ K, 
R, E, N, T, S, Q, P, D].  At each sequence position, the num- 
ber of i and o residues was counted and compared to  the theo- 
retical expectation values for  the two  subgroups i and 0, given 
the sequence similarities of the homologous sequences relative 
to the first sequence. Every  sequence position where one of these 
numbers exceeded the theoretical  expectation value of the cor- 
responding group was then predicted to be inside or outside. 

Dihedral angle constraints 

Helical segments  were assumed as experimentally determined ex- 
cept for the J-domain of DnaJ  and  the designed protein FELIX, 
where the secondary structure was also predicted by MULTAN. 
The  information  on  the helical segments gave us constraints on 
the backbone and  the x' side-chain dihedral angles. Dihedral 
angle constraints for  the backbone dihedral angles 4 and II/ were 
applied for all residues in a-helical regions (-58" < 4 < -56" 
and -48" < II/ < -46"). In addition, 4 angles of all other resi- 
dues were restricted to - 180" < Cp < 0" with the exception of 
Gly, Asn, Asp,  Ser, Cys, Ala, His, and Lys, following a recent 
statistical study (Kamimura & Takahashi, 1994). Side-chain ro- 
tamer preferences for residues in  helical segments were included 
as x' dihedral angle constraints of -240" < x' < 0" for  Phe, 
Tyr, His, Trp, Lys, Arg, Met,  Glu, and  Gln. These constraints 
are fulfilled in 95% of known three-dimensional globular pro- 
tein structures  (Dunbrack & Karplus, 1994). The  same  statisti- 
cal study suggested a dominant single rotamer preference for 
Val (-240" < x' < -120") and Ile (-120" < x' < 0"). Dihedral 
angle constraints were weighted with higher priority than dis- 
tance  constraints. 

Distance constraints 

For all predicted inside-inside, inside-outside, and outside- 
outside residue pairs located in helices, we applied  upper limit 
distance  constraints between reference points representing the 
residue side chains. These reference points are  Qa for Gly, Q P  
for Ala, Cp for Ser, Asn, Asp, Thr,  and Cys, Cy for  Pro,  Gln, 
Glu,  Met,  Trp,  and His, Cy'  for Ile, QQG  for Val, C6  for 
Lys and  Arg,  QQD  for Leu, and QR for  Phe  and  Tyr.  The ref- 
erence points  Q are pseudoatoms as used by distance geometry 
calculations from NMR data.  The average distances between the 
reference points of inside-inside pairs, inside-outside pairs, and 
outside-outside  pairs were calculated by a  statistical survey of 
24 proteins from  the Brookhaven Protein  Data Bank (Bernstein 
et al., 1977). Pairs of residues that  are separated by  less than 10 
sequence positions and where one residue is outside were ex- 
cluded from  the statistical study. Residues were classified as 
"inside" if their solvent-accessible surface  area in the tertiary 
structure was less than 20% of a  "random coil" value, and  as 
"outside" if their solvent-accessible surface  area was more than 
50% of this reference value. The  "random coil" value of a residue 
X is the average solvent-accessible surface area of X in the tri- 
peptide Gly-X-Gly  in an ensemble  of  30 random conformations. 

The average distances were fitted by second-order polynomi- 
als as a  function of the number of residues N. The resulting cal- 
ibration curves for d , , ( N ) ,   d , , ( N ) ,  and  d,,(N) were used as 
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5. Average distances between the reference points of side chains 
(see text) of inside-inside pairs (squares), inside-outside pairs (crosses), 
and  outside-outside pairs (triangles) in 24 high-resolution three- 
dimensional  protein  structures.  Second-order polynomials, least-squares 
fitted to the  data points, define the  calibration  curve  for  upper  limit  dis- 
tance  constraints of inside-inside  pairs (continuous line),  inside-outside 
pairs (dashed line), and outside-outside pairs (dotted line). 

upper limit constraints for  our eight test proteins.  The  three 
polynomials are 

di ; (N)  = 3.2 + 0.116.N-  2.34.10-4.N2 

d; , (N)  = 8.7 + 0.119.N - 2.09- w 4 . N 2  

d , , (N)  = 13.7 + 0.109.N-  1.52.10-4.N2 

for inside-inside, inside-outside, and outside-outside residue 
pairs (Fig. 5). Distances are measured in units of 1 A. 

The following proteins (PDB code), which represent a set of 
a-, /3-, and mixed a//3 proteins and cover the residue range from 
40 to 180, were used in the statistical study: sea anemone  anti- 
viral protein (lBDS), crambin (lCRN), rubredoxin (SRXN), 
ovomucoid third  domain (20VO), scorpion neurotoxin (2SN3), 
barley chymotrypsin inhibitor (2CI2), c-terminal domain of ri- 
bosomal  protein L7LI2 (lCTF), ubiquitin (lUBQ), high poten- 
tial iron protein (lHIP), HIV protease (3HVP), ribonuclease T1 
(ZRNT), ferredoxin (5FD1),  rice cytochrome c (ICCR), prealbu- 
min (2PAB), pseudoazurin  (2PAZ),  phospholipase A2 (1BP2), 
ribonuclease A (3RN3), hen egg white lysozyme (lLYZ), azu- 
rin (ZAZA), flavodoxin (3FXN), tumor necrosis factor (ITNF), 
interleukin-1 /3 (21 lB), lupin leghemoglobin (2LH4),  dihydrofo- 
late  reductase  (3DFR),  elongation factor  TU (1ETU). 

Self- correcting distance geometry calculation 

Distance geometry calculations in torsion angle space were per- 
formed with the program DIAMOD (Hanggi & Braun, 1994). 
DIAMOD, based on DIANA (Giintert et al., 1991), contains an 
iterative  algorithm to detect and correct inconsistent distance 
constraints.  Starting from random  structures, every DIAMOD 
cycle calculates an ensemble  of 50 structures and counts distance 
constraint violations greater than 1 A. With the number of these 
violations, new constraints are produced for  the next DIAMOD 
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cycle. In  the  first cycle, a residue-based correction is performed 
where DIAMOD calculates the  average  number  of violations of 
all  constraints belonging to a specific  residue.  Residues with vi- 
olations in more  than 45% of  the  structures  are  assumed  to  be 
predicted  incorrectly.  Their  upper limit distance  constraints  are 
then  treated in the following way: if a constraint is individually 
violated in  more  than 50% of  the  structures, it is assumed  that 
the most likely distance is indeed greater  than this upper  bound. 
Therefore,  this  constraint is  used as a  lower  limit constraint  in 
the next  cycle. All  the  other  distance  constraints  of  the  incor- 
rectly predicted  residue  are  discarded.  In  the  following DI- 
AMOD cycles 11,  111, and IV, all  constraints  that  are  violated 
in more  than 5 5 % ,  so%, and 45% of  the  structures, respec- 
tively, are shifted from  the  upper limit constraint list to  the lower 
limit constraint list and vice versa. 

Cluster analysis 

A three-dimensional  cluster  analysis is performed on the  struc- 
tures resulting from  the last DIAMOD cycle to  find  out whether 
the  structures  have  converged  to  one or two  distinct  and well- 
defined  folds or if they  are  different  from  each  other.  The  two 
structures  that  have  the  smallest  RMSD value among  all  pairs 
of  structures  form a cluster  core if the  RMSD  value is less than 
3 A. New structures  are  added,  as  long  as every new structure 
has  an  average  RMSD  of less than 3 A, to all other  structures 
already  included in the  cluster. If no  further  structures  can  be 
added,  the  procedure is repeated with the  remaining  structures. 
Clusters were only  counted  as  such if they  contained  more  than 
two  structures. 
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