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Abstract 

Left-handed  polyproline I1 (PPII) helices commonly occur in globular  proteins in segments of 4-8 residues. This 
paper analyzes the  structural conservation  of  PPII-helices in 3  protein families: serine proteinases,  aspartic  pro- 
teinases, and immunoglobulin  constant  domains.  Calculations of the number of conserved segments based on 
structural alignment of homologous molecules yielded similar results for the  PPII-helices, the a-helices, and  the 
@-strands.  The PPII-helices are consistently conserved at the level of 100-80% in the proteins with sequence iden- 
tity  above 20% and RMS deviation of structure alignments below 3.0 A. The most structurally important  PPII 
segments are conserved below this level of sequence identity. These results suggest that  the PPII-helices, in addi- 
tion to  the other  2  secondary  structure classes, should be identified as part of structurally conserved regions in 
proteins.  This is supported by similar values for  the local RMS deviations of the aligned segments for the  struc- 
tural classes of PPII-helices,  a-helices, and @-strands.  The  PPII-helices are shown to participate in supersecond- 
ary elements such as  PPII-helixla-helix. The  conservation of PPII-helices depends on  the conservation of a 
supersecondary element as a whole. PPII-helices also form links, possibly flexible, in the  interdomain regions. 
The role of the PPII-helices in model building by homology is 2-fold: they serve as additional conserved elements 
in the  structure allowing improvement of the accuracy of a model and provide correct chain geometry for model- 
ing of the segments equivalenced to them in a target sequence. The improvement in  model building is demonstrated 
in 2 test studies. 

Keywords: conserved regions; homology modeling; mobile conformation; protein  structure; regular secondary 
structure 

A  major cluster (Adzhubei et al., 1987a; Richardson & Richard- 
son, 1989) in the conformational distribution in 4, $ angles space 
is termed polyproline I1 (PPII) because of its similarity with the 
left-handed helical conformation of the homopolymer of trans- 
proline (Cowan & McGavin, 1955; Arnott & Dover, 1968). This 
cluster, however, is populated with all types of residues includ- 
ing, but  not restricted to, proline.  Taken  together, the  major 
clusters in the distribution (aR, @, PPII,  aL,  @-aR trans) com- 
bine up  to 90% of the residue composition of globular  pro- 
teins with the ,tl and  the  PPII accounting for approximately the 
same proportion of 20% (Adzhubei et al., 1987b). These results 
though represent single residue conformations, Le., residues un- 
related to their neighbors. Analysis of the possible regular (pe- 
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riodic) structures represented in globular proteins showed, apart 
from  the  a-helices,  the  @-strands,  and  the 310-helices, high 
occurrence of the left-handed helices of 4 or more residues in 
length (Adzhubei & Sternberg, 1993). The 4, $ angles specify- 
ing these left-handed helices  were  in the  PPII cluster observed 
in the distribution of individual residues. This structure, termed 
the polyproline I1 (PPII) helix, appeared to be the only regular 
structure class significantly populated in globular proteins, which 
was not included in the currently used secondary structure clas- 
sification schemes (Kabsch & Sander, 1983; Richards & Kundrot, 
1988; Sklenar et al., 1989). The  PPII-helices can be identified 
with the examples of the collagen-like helix found in globular 
proteins (Ananthanarayanan et al., 1987). The experimental data 
obtained by other research groups  also showed that  the  PPII 
conformation can be structurally important  for polypeptides 
(Siligardi et al., 1991; Makarov et al., 1992; Woody, 1992) and 
proteins (Lim & Richards, 1994; Sreerama & Woody, 1994; Yu 
et al., 1994). It has been suggested that the  PPII-helices  should 

2395 



2396 A.A.  Adzhubei and M.  J.E. Sternberg 

be classified as a regular  secondary  structure  and,  as such struc- 
ture, used in  homology  model  building. 

An  important  question, however,  remained  unresolved. From 
the initial series of  structures of homologous  proteins,  e.g., glo- 
bins  (Perutz et al., 1968; Fermi  et  al., 1984) and  serine  protein- 
ases  (Mauguen et al., 1982),  it was  observed  that  blocks  of 
regular  secondary  structure in proteins tend to  form  conforma- 
tionally  conserved  regions  (Subramanian et al., 1977; Lesk & 
Chothia, 1980; Chothia & Lesk, 1986). The  extent  of  structure 
similarity is related to  the level of  sequence  identity (Holm et al., 
1992; Flores et al., 1993; Hilbert  et  al., 1993). The  variation 
in  Cartesian and dihedral  geometry  observed for  the PPII-helices 
is similar  to  the  spread  for  the  a-helices,  the  0-strands,  and 
the 310-helices (Adzhubei & Sternberg, 1993). Thus,  to establish 
the PPII-helices  as  a structural class closely corresponding to  the 
other 2  periodic secondary  structures, it is necessary to  carry  out 
the  analysis  of  their  conservation in homologous  proteins. 

Any  additional  information  on  the  evolutionarily  conserved 
regions is of importance  for  the  protein  structure prediction and 
analysis. In structure prediction by homology,  the identification 
of structurally conserved  regions  (SCRs) in proteins  and assign- 
ing their  backbone  conformation  to  the respective parts of a 
modeled structure is one of the  starting  conditions  (Greer, 1981, 
1990; Blundell et al., 1987; Sutcliffe  et al., 1987a, 1987b). In  ad- 
dition,  the  methods  developed  to  identify  folds  and  structural 
motifs  in proteins,  as well as  to assign proteins to  different  fam- 
ilies rely strongly  on  conservation  of  secondary  structure (Blun- 
dell & Johnson, 1993; Orengo et al., 1993; Yee & Dill, 1993). 
The  absence  of  insertions  and  deletions within secondary  struc- 
tures is used also  for  the refinement  of  sequence  alignment  tech- 
niques  (Barton & Sternberg, 1987). 

In  this  work we will show  that  the  PPII-helices  follow, in ho- 
mologous  protein  structures, the same pattern of  behavior  as the 
other regular structures.  The analysis will mainly concentrate  on 
homologous  structures with sequence  identity of 50-20%,  rep- 
resenting  the  most  important  part  of  the  similarity  range.  At 
these levels of  sequence identity,  SCRs  can be clearly identified. 
There is also  the possibility  of major discrepancies  in the  con- 
formations  of  variable regions  (VRs), with insertions/deletions 
most likely to be observed in VRs. Structures with sequence iden- 
tity above 50% have highly similar backbone  conformations  and 
cannot  be used as a source of relevant data.  In  the  “twilight 
zone” of sequence identity, below 20070, sequence alignments are 
unreliable  (Sander & Schneider, 1991) and  such  structures  are 
normally  not  included in our  analysis. 

Implications for modeling of the extension  of SCRs  to accom- 
modate  the PPII-helices  could  include  better approximation  for 
the  conformation of VRs.  VRs  in protein  structure  often  have 
substantial  length,  and if structurally conserved  elements could 
be  identified  in  VRs,  this will provide  useful  breaking  points. 
Modeling  then  could  be  done  for  shorter  segments.  The  mod- 
eling examples  included  in  this  work aim  to show how  the  PPII- 
helices can be utilized to simplify modeling  and increase  its 
accuracy. 

Methods 

The data set 

Three  protein families  were analyzed  for  the level of conserva- 
tion  of  the  polyproline I1 helices: serine  proteinases,  aspartic 

proteinases,  and  immunoglobulin (Ig) constant  domains.  The 
initial selection criteria  for  the  structures  included in the  data- 
set  were the  sequence  identity  for every  pairwise alignment less 
than 55% and  RMS  deviation  for  the pairwise structural  align- 
ments of the selected structures lower than 4.5 A. Three  groups 
representing  3 protein families  were established.  Multiple  struc- 
ture  alignments were performed  and a reference  structure was 
identified  for  each family on  the basis of  the lowest mean  RMS 
with the  other molecules. At  the  final selection stage,  the se- 
quence identities were recalculated according  to  structural align- 
ments of the  reference  structure with  every other  structure in  a 
family  group.  For  the  structures  retained  in  the  family  groups, 
the  sequence  identities  calculated  in  this  manner fell within the 
55-20% interval (see Table 1). Thus,  structural alignments were 
used to collect data  on  the  conservation of the PPII-helices cov- 
ering  a wide range of sequence identities. For  the reference struc- 
tures,  RMS  deviations with the  other  member  structures  of a 
family  stayed 53.5 A, with the  only  exception  of 2sga  display- 
ing an  RMS of 4.1 A from  the  reference  structure  ltld of ser- 
ine  proteinases. 2sga  was also  among  the 4  molecules in the 
dataset whose sequence  identity with related reference structures 
was below 20% (Table 1). These molecules displayed high struc- 
tural dissimilarity  with the rest of the  structures in the families. 
The  separate pairwise structural  alignments with the  reference 
structures were therefore  composed  and used for  further  anal- 
ysis for 2sga and  2alp of the  serine  proteinases  and  for  3hvp of 
the  aspartic  proteinases.  These  structures were included in the 
dataset  to  provide  information  on  the level of conservation  of 
the  PPII-helices  at  the  margin  of  the twilight zone  of  sequence 
identity. 

Initial  sequence  alignments were composed using the  pro- 
grams  GAP  (GCG)  and  ALIGN  (PIR).  Structural  alignments 
were calculated by the  program  MULSTR (Pickett et al., 1992), 
implementing  the  modified  algorithm of Taylor  and  Orengo 
(1989a,  1989b). The  program  produced reliable results  for all 
levels of sequence  identity, exemplified by the  alignment of res- 
idues forming the catalytic triad,  the  substrate specificity pocket, 
and  other functionally important residues between the structures 
with low homology  in the serine proteinases (Fig. 3B). The  RMS 
deviation  matrix,  constructed  for  each  family in order  to  iden- 
tify  a  reference structure, was computed  according  to  McLach- 
lan (1972). The  sequence  identities  for aligned structures were 
calculated  as  part of the  general  analysis of the  alignment  data 
with  the  package  written in FORTRAN  and  C,  running  under 
UNIX. 

Secondary structure identification 

Secondary  structure  definitions  of  the  0-sheets,  the  a-helices, 
and  the 3,,-helices were  assigned according to  DSSP (Kabsch 
& Sander, 1983). For  further  analysis,  the 3,,-helices were  in- 
cluded in the class a-helices. The  PPI1 helices were defined using 
the  regular  segment  search (RSS) algorithm  with  the  peptide 
group  (Ce-Cm)  structural  unit  geometry  and  the  2-step classi- 
fication,  both introduced  in  Adzhubei and Sternberg (1993). The 
technique involved monitoring  the  deviation of torsion  angles 
4, $ and a from  their  mean values for  the  initial  assignment  of 
conformational types. The  assessment  of  the  hydrogen  bond- 
ing patterns  was used as  the  final  criterion, with no periodic 
main-chain  to  main-chain  hydrogen  bonds allowed  in PPII seg- 
ments.  The  PPII-helices  comprising 4 or  more  C“  positions 
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Table 1. The data set: representative protein structures for the 3 familiesa 

Protein  family 

Serine proteinases 
&Trypsin,  bovineb 
a-Chymotrypsin, bovine 
Tonin,  rat 
Kallikrein A, porcine 
Elastase,  porcine 
Trypsin, Streptocmyces griseus 
Elastase,  human  neutrophil 
Protease 11, rat  mast cell 
Proteinase  A, S.  griseus 
a-Lytic  protease, Lysobacter enzymogenes 

Aspartic  proteinases 
Penicillopepsin, Penicillium janthinellum 
Endothiapepsin, Endothia  prasitica 
Rhizopuspepsin, Rhizopus chinensis 
Pepsin,  porcine 
Chymosin  B  (renin), bovine 
HIV protease' (synthetic) 

Immunoglobulin  constant  domains 
IgGl  FC  fragment,  CH3  domain,  humanb 
IgG FAB fragment,  CL  domain,  human 
IgG FAB fragment, CHI domain,  human 
IgA FAB fragment,  CL  domain,  mouse 
IgA FAB fragment,  CHI  domain,  mouse 
IgGl  FC  fragment,  CH2  domain,  human 
Class I MHCd,  02  domain,  human 
Class I MHCd, a 3  domain,  human 

~- ~- 

PDB 
code 

1 tld 
4cha 
lton 
2pka 
3est 
1 sgt 
1 hne 
3rp2 
2sga 
2alp 

3app 
4ape 
2apr 
5PeP 
1 cms 
3hvp 

lfcl 
2fb4 
2fb4 
2fbj 
2fbj 
lfcl 
1 hsa 
1 hsa 

Sequence 
Resoiution 

A 
identity 

070 
~- 

1.50 
1.68 46.08 
1.80 42.86 
2.05 40.54 
1.65 38.46 
1.70 35.55 
1.84 34.13 
I .90 33.95 
1.50 19.25 
1.70 17.24 

1.80 
2.10 54.69 
1.80 40.89 
2.34  32.24 
2.30 28.80 
2.80 16.33 

2.90 
1.90 31.31 
I .90 29.17 
1.95 28.71 
1.95 24.21 
2.90 23.16 
2.10 22.68 
2.10 18.95 
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Reference 

Bartunik et al., 1989 
Tsukada  and Blow, 1985 
Fujinaga  and  James, 1987 
Bode et  al., 1983 
Meyer  et al., 1988 
Read and  James, 1988 
Navia et al., 1989 
Remington et al., 1988 
Moult et al., 1985 
Fujinaga et al., 1985 

James  and Sielecki, 1983 
Pearl  and Blundell, 1984 
Suguna et al., 1987 
Cooper et al., 1990 
Gilliland et al., 1990 
Miller et al., 1989 

Deisenhofer, 1981 
Marquart  et  al., 1980 
Marquart  et  al., 1980 
Suh  et  al., 1986 
Suh et al., 1986 
Deisenhofer, 1981 
Madden et al., 1992 
Madden et al., 1992 

~~ 

a Here and in other tables and figures: PDB code, protein code in the Brookhaven Protein  Data Bank (Bernstein et al., 1977); 
sequence identity,  as  calculated  from  structural  alignments  for pairs with the reference structure. 

Reference structures for family subsets. 
Synthetic enzyme corresponding  to  the  HIV-protease  type 1, isolate  SF2. 
Histocompatibility  antigen. 

were considered.  Shorter 3-residue PPII-helices were only  in- 
cluded in the  definition if they were equivalenced to  longer he- 
lices in  homologous  structures. 

Analysis of structural alignments 

Pairwise  structural  alignments of the  reference  structure with 
members  of  the family were inspected. Comparisons were made 
starting  from  the  first  aligned  residue  at  the  N-terminus  of a 
shorter  sequence because some  of  the  N-terminal  regions  in- 
cluded  fragments  absent in the  other sequences. A PPII-helix 
was considered  to  be conserved  in one  chain if the equivalenced 
segment  in the  other chain  was  aligned with at least a 50% over- 
lap  of segment  lengths (see Fig. 1). The  proportion  of conserved 
segments  of  structural class k for a pair of aligned  structures A 
and B was  calculated  according to  the  equation: 

where N T k  and Ngrlsk are  the  numbers  of  segments k in A 
and B, and N i  and N$ refer  to  the  total  number  of  segments 
of class k.  The  proportion  of  conserved  secondary  structure 

segments in multiple  alignments was calculated in  a different 
manner: 

p ~ c o n s k  = Nconsk/Npossiblek (2) 

where NggY is the  number of conserved  positions  of  the sec- 
ondary  structure class k,  and N;'Fble are all  possible positions 
of class k segments  according to  the  multiple  alignment. 

To calculate local RMS  deviation  of  the  regular  secondary 
structure blocks  in the aligned proteins, a window of 4 residues 
sliding b I residue at a time was used. The RMS  deviations were 
computed 9 ?reach  window  position  corresponding  to  continu- 
ous segmentsof  an aligned, identical secondary structure in both 
chains. For equivalenced residues, if full window lengths in both 
molecules  were found  to be continuous  segments  of  an  identi- 
cal  secondary  structure  type,  segments were superimposed  and 
the local RMS deviations  in  Cartesian  space  (RMSC)  calculated. 
The  local  RMS  deviations  in  the  torsion  angles 4,$ space 
(RMST) were also  calculated  for  such  windows, 
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Possible  cases of alignment of regular  Structures 

A pairwise  alignment 

I I1 I11 IV V 
Chain  a ----- PPPP-""  PPPPP-""  PPPP-"" PPPP-----PPPP 

Chain b ----- PPPP---PPPPP----- PPPP- - - - pppp"""""" 
A1  igned 
residues 100% >50% 5 0% < 50% 0% 

I I I I  I l l  I I  I 

I I1 I11  IV V 

I conserved I not  conserved 

B multiple  alignment 

I I1  I11 
Chain  a ----- PPPP-"" U""""""" 
Chain b ---- pppp""""- W - - B B B B " " -  
Chain  c ------------_ W""" BBBB" - - - 
Chain  d ------- PPPP----- """"""- 
Chain e ----- PPPP-"" U""""""" 

I I1  I11 

conserved 4 4 2 
not  conserved 1 1 3 

Fig. 1. Illustration of the method to quantify  structural conservation. The  proportion of conserved residues is calculated dif- 
ferently for pairwise (A) and multiple (B) alignments. For a pairwise alignment,  a conserved structural block has no less than 
50% overlap of its segments. In multiple alignments, the 50% rule still applies and all possible positions of the segments in a 
block are taken into account. A: According to Equation 1 in Methods, P l y '  = (NFnJp  + N T p ) / ( N :  + Nf) = (3 + 3)/ 
(5 + 4) = 0.67. B: According to Equation 2 in Methods, PMConrk = Nconsk/Nposs'b'ek, PMConSP = 4/5 = 0.80; PMCo"'* = 
4/5 = 0.80; PMConsB = 2 / 5  = 0.40. 

where t u  and t b  are  the  coordinates  of aligned structures A and 
B, respectively, and NWin is the  number of structural  units  in a 
window.  The  mean local RMSC  and  RMST were calculated  for 
secondary  structure  segments  as 

(RMSC::) = RMSCy/nw; 
nw 

i = l  

( R M S T g )  = RMSTr/nw, 
nw 

(4) 
i = l  

where nw is the  number of  windows of a full  length  in a second- 
ary  structure  segment.  The  mean  local  RMSC  and  RMST were 
calculated  for  each  aligned  pair  of  proteins  and  for  the  entire 
family.  They were  used as a measure of the  local  structure  de- 
viation  of  aligned  polypeptide  chains. 

To normalize  the values of  RMSC,  it was  necessary to  deter- 
mine  the  RMSC  distributions for nonhomologous  secondary 
structures.  Accordingly, the local RMSC deviation  matrices were 
constructed  for  all  segments of the  a-helices,  the  0-strands,  and 
the  PPII-helices.  The  length  of segments  was set equal  to a win- 
dow size of 4 residues.  A subset  of  the  database  of  nonhomol- 
ogous  structures  (Adzhubei & Sternberg,  1993),  including 
molecules with  all 3 types  of  regular  structure,  the a, the 0 ,  and 
the  PPII, was used.  The  RMSC  group  frequencies were calcu- 

lated  and  histograms  of  the resulting distributions  are  shown in 
Figure 2. The  distributions  have  different  standard  deviations 
from  the  mean  for  different  secondary  structure classes. The 
value ((RMSC) + std)  was  therefore  taken  to  estimate  the  up- 
per level of RMSC typical for a structure class. Thus  the relative 
RMSC  of  the  aligned  blocks  of  regular  structures were calcu- 
lated as: 

where (RMS;$) is the  mean  RMS  for a secondary  structure 
class k calculated  from  its  RMS  distribution  and STD:$ is its 
standard  deviation. 

Modeling 

The modeling  package  written by Paul Bates (Bates & Sternberg, 
1992), based on the  approach of Jones  and  Thirup (1986) was 
used to  carry  out  the homology  modeling. In  particular,  the  pro- 
gram  3D-JIGSAW  was used to  scan  the  PDB  structures  data- 
base  and  generate  models of variable  regions  from  sequence 
alignments. Because the  aim  of  modeling is to  build a segment 
of  the  target  structure  using  the  information  from  the  parent 
structure,  the search in  the  PDB  database  for segments  with low 
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local r.m.s. distribution - PPII 

x 0.15 - beta 
B 
E 0.10 

z n M 2 0.05 ."""""-~"""" 
I. 

0.00 
0.0 0.5 1 .o 1.5  2.0  2.5 3.0 

r.m.s. A 

Fig. 2. The distributions of local RMSC calculated from the data set 
of nonhomologous  structures for the  structural classes polyproline I1  
helices (PPII), a-helices (alpha), P-strands (beta), and for the segments 
not included in any secondary structure class  (coil). The distribution for 
the PP11-helices follows closely that for the &strands, but the  standard 
deviations point to a higher conformational mobility of the PPII-helices: 
0.197 for the PPII and 0.166 for the p. The a-helices are clearly the most 
conformationally rigid structures, with standard deviation of 0.120. The 
RMS distributions for  the 3 regular structural classes are markedly dif- 
ferent from the  distribution  for nonregular coil. 

RMS  deviation  from  the fixed ends  of a parent loop was per- 
formed.  The  search  was  based on the  RMS  of 4 C" positions 
in the  parent  structure, 2 positions on  both  the N- and  the 
C-termini,  checked  against  the  cutoff  of 2.0 A. Final selection 
of a model  segment  from  the  produced list was  based on  the 
RMS  deviation  of C* positions,  the  RMS between C = O  vec- 
tors  of  the  equivalenced  peptide  groups,  and  the  dihedral  an- 
gles  between least-square  planes of the listed segments  and  the 
parent  loop.  Dayhoff  scores  of  sequence similarity  with the  tar- 
get  structure were also  checked. 

Results 

Structural conservation 

The  proteins  representing  the families, chosen on  the basis of 
sequence  and  structure  similarity  (Table i) ,  display  the wide 
range  of  sequence similarities with the reference structures within 
the  medium  identity  interval  of 50-20'70. This  range  enables  us 
to  analyze  the degree of  conservation  of  the  PPII-helices  for  dif- 
ferent levels of  sequence  identity. It was  assumed that molecules 
with  sequence  similarity  higher  than 55% had  practically  iden- 
tical  backbone  conformations in the  regions  of  periodic  struc- 
tures.  They were therefore  not relevant to this  analysis and were 
not  included  in  the  representative  members  of  the  families. 

Conservation of the PPII-helices in aligned structures 
The  multiple  alignments,  showing  positions  of  the  PPII- 

helices and  the  other  secondary  structures,  are  presented in  Fig- 
ure 3. There is a strong  tendency  for  the  PPII-helices t o  be 
conserved  in  homologous  structures.  Qualitatively,  the level of 
their  conservation is comparable  to  that  of  the  other  structures. 
To quantify  this we have  calculated the  proportion  of conserved 
PPII segments for 3  families from  the pairwise  alignments data, 

see Table 2 (Peons, Equation 1 in  Methods)  and  from  the  mul- 
tiple  alignments (Fig. 4) (PMcons, Equation 2  in Methods).  For 
all 3  families, the  results  indicate  that  the level of  conservation 
of  the  PPII-helices is comparable  to  that of the  a-helices  and 
the  P-strands. 

A higher  sequence  identity does  not necessarily lead to higher 
conservation levels, as  demonstrated by the  data of the  PPII 
overall conservation  for 3  families plotted in Figure 5 .  Even for 
the  sequence  identity of about  30%,  the  PPII-helices  are  con- 
served at  the level of 80-100%. A decrease of  sequence  identity 
below 25% is normally  followed by declining conservation of 
the  PPII  segments.  However  conservation  at  the level of 50- 
70% is not  uncommon  in  such cases but  drops  sharply if the 
RMS deviation of aligned  structures is higher  than  3.0 A. For 
immunoglobulins, where high conservation levels correspond  to 
lower sequence  identity  compared to  the  other 2 subsets,  an 80- 
100% conservation is observed for  as low  sequence  identities as 

&Strands  display a  generally  higher degree  of  conservation 
compared  to  a-/310-helices  and  PPII-helices.  This is probably 
an effect  of  the  regular  interchain  hydrogen  bonds,  restricting 
possible absence  of single &strands, which could  result  in  de- 
stabilization  of  the  fold.  The  &type  hydrogen  bonds  are  also 
more likely to  fix  rigidly positions of P-strands in the  protein 
structure. Our dataset  includes  predominantly  &structure  pro- 
teins,  where  a-helices do  not play a major  structural  role.  This 
could lead to a lower level of  conservation  of the a-helices, with 
only  their  functionally  important  segments  retaining  conserva- 
tion  comparable  to  that  of  the  0-strands. As a result,  the  over- 
all conservation of the  a-helices  could be reduced. 

Table  2 also  shows  that  the conservation  of the  PPII segments 
correlates with the  proportion  of residues forming  structurally 
aligned  pairs,  providing an indirect measure of the  number of 
insertions/deletions  in  alignments. The PPII conservation tends 
to stay at a steadily high level when the proportion of the aligned 
residues is above  94%. A sharp  decrease  of  the  conservation 
level is observed  for values  lower than  90%. 

23-24%. 

Local superposition of secondary structures 
Local  superpositions of secondary  structures were  used to 

(1) enable  comparison  for  segments  of  both  identical  and  dif- 
ferent  length,  and (2) assess  local deviations  in  backbone  con- 
formation  (Cas) of the  aligned  regular  parts  of molecules. In 
this way,  equivalenced  segments  corresponding to  the sliding 
window of size 4  residues were treated  as  independent segments 
for which the best possible alignment was found. Superpositions 
were performed  and  local  RMS  deviations  calculated  for  all 
aligned  blocks of the  identical  regular  structure types. The lo- 
cal  RMS  deviations in Cartesian  space  (RMSC)  and  in  the  tor- 
sion  angles 4, $ space  (RMST)  for 3 protein  family  subsets  are 
listed in  Table 2. 

To achieve  accurate  comparison  of  the  structural  deviations 
associated with conserved  blocks of different  secondary  struc- 
ture classes, it was necessary to  take  into  account  the differences 
in  conformational  diversity  observed  for  regular  secondary 
structures.  These  differences  can  be expressed in  terms  of  RMS 
deviations  and a correction  factor  accounting  for  the  disparity 
in  the  observed levels of  RMS  deviations  in  structural classes 
should be used. A correction  factor was introduced in the  form 
of  standard  RMSC  for  each secondary structure class (see Meth- 
ods)  and  relative  RMSC  calculated (Figs. 6 ,  7). 
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1T W 
3EST 
4cHA 
3RP2 
lTON 
2PKA 
lHNE 
lSGT 

lTLD 
3EST 
4cHA 
3RP2 
lTON 
ZPKA 
lHNE 
1SGT 

l T W  
3EST 
4cHA 
3RP2 
lTON 
2PKA 
lHNE 
lSGT 

A B 
34  40 50 63 7 4  83  93 99 """_"" tvpyQVSLNs-----g-yHFCGGSLINsq~SM~--ks-----qiQV~gedninv-veqneQFISASKSIVhpsyns----ntl 

swpwQVSLQdkt---g-fHFCGGSLinen~M~--vt----tsd~Aqefdqgssse-kiQKLKIAKVFKnskyns----lti 
swpsQISLQYRSqsSW-AHTCGGTLIRqn~MHCVd-re----ltFR~qehnlnq-nnqteQYVGVQKIWhpywnt----dd~ 

srpyMAHLDIVtek-q1RVICGGFLisrq~LTMHCk--qr-----EITVILgahdvrk-restqQKIKVEKQIIhesyns----vpn -""""" sqpwQVAVIn-------eyLCGGVLIDpsWVITM~y--sn-----nyQVLLgrnnlfk-depfaQRRLVRQSFRh~-vhdh 
"""""- shpwQVAIYHy----s-sfqcgqvLVNpkWVLTM~k--nd-----nyEVWLgrhnlfe-nentaQFFGVTADFPh~fnlsadgkdy 
"""""- awpfMVSLQl-r---q-gHFC~TLIApn~SM~vanvn---~vRWLgahnlsr-reptrQVFAVQRIFEd-gydp----vnl """_"" efpfMVRLsm---------qCGGALYAqdIVLTM~v--sqsGNntsiTATGgvvdlq---sgaaVKVRSTKVLQa~ynq-----t- 

24 34 50 64 75  83 93 

B C D E F 
177  185  193 

tQCLISGwqntkss--g ypgqi----t-snMFCAqy1-eqqkdscqg 
spCYITGwgltrt---n wGSTv----k-nsMVCAqq--dqvrsqcqq 
tTCVTTGwgltry--- i----k-daMICAGa--s-gvsscmg 

STCLASGwgstnps-- I--ETYkdnVJLCAGem-eggkdtcag 
STCEASGwqslepqpd hpdkv----t-esMLCAGy1-pqqkdtcmg 

------rsnVCTLvr-grqaqvcfg 
-qtFTVAGwqanre---~1LKANVP~CRS--AYGNEl----vaneeICAgypdtggvdtcqg 

145  153  163  171 177 185  193 

aMCWMGWgKTGv--- -"- eykfQVCVqsp-ttlraafmq 

202  212  221  230  240 
dsqqPWC-s----gKLQGIVSWgs--gcaqknkpGVYTKVKQTIAsn- 
dsqgPLHCLVn-gQYAVHGVTSFvsrlqcnvtrkpTVFTR~YISWINNVIAsn- 
dsggPLVCKKn-gaWTLVGIVSWgss-tc-ststPGVYARVTALVNWVCQTLAAn- 

dsgqPLIC-d----gVLQGITsggat-pcakpktpAIYAKLIKFTSWIKKVMKEnp 
dsggPLIC-n----gmWQGITswght-pcgsankpSIYTKLIFYWWIDDTITEnp 
dsgsPLVC-n----gLIHGIASFvrg-gcasqlypdAFAPVAQFVNWIDSIIq--- 
d s g g P M F R k d n a d e W I Q V G I V S W g y - - g c a r p g y p G V Y T E R t l -  

203  212  221  230  240 

dsgqPLLC-a----gVAHGIVSYghp-da-k--ppAIFTRVSTYVPWINAVIn--- 

Aspartic  proteinases. Sequence identity 55-29 %. 

lCMS 
5PEP 
3APP 

ZAPR 
4APE 

lCMS 
SPEP 

4APE 
3APP 

2APR 

lCMS 

3APP 
SPEP 

4APE 
ZAPR 

10 18 28 38  48  57  67  76  85 95 105 
geVASVPLTNYl--dsQYFGKIYLgtppQEFTVLFDtgssdF~psiycksNAC-~hqrfd~sstfQNL-GKPLSIHY-GTGSMQGILGYDTVTVsnIMIQQTVGL 

aasGVATNTPtA-NDeeYITPVTIG--GTTLNLNFDtgsadLWVfstelpASW-sghsvynPSAT--gKELSGYTWSISYGDGSSASGNVFTDSVTVggVTAHGQAVQA 
-stGSATTTPi~daYITPVQIgtpaaTWLDFDtgssdL~fssett~-dqqtiyt~ttaKLLSGATWSISYGDGSSSSGDVYTDTVSVggLTVTGQAVES 
agvgTVPMTDYg-ndiEYYG~VTIgtpgKKFNWFDtgssdlWIAstlctn--cgsgqtkydpnqsstyQ~-GRTWSISYGDGSSASGILAKDNVNLggLLIKGQTIEL 

10  19  29  39  49 57 67 76 86  96 106 

--iGDEPLENY1--dtEYFGTIGIgtpaQDFTVIFDtgssnL~psvycss~dhnqfn~sstfEAT-SQELSITYGT-GSMTGILGYDTVQVggISDTN~IFGL 

A B B c 
115  161  161  195  204 

115  124  142  152 161 170 180  199 208 

C 
214  224  234  243  271  281  302 

216  226  236 245  2 53 262  272  289  303 

Fig. 3. A: Multiple  structure  alignments  for  the 3 families. B: Examples of pairwise  structure  alignments  with low sequence 
identity  to  reference  structures.  Regions of regular  secondary  structure (a, p, and  PPII)  are  shown in  uppercase,  polyproline 
I1 helices are  boxed,  and  a-helices  are  underscored.  In (A), PPII-helices  form  blocks  of  conserved  structures.  In (B), the  PPII- 
helices responsible  for  important  function,  i.e.,  interdomain  links,  are  conserved. (Figure conrinues on facing page.) 
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Immunoglobulin constant  domains.  Sequence  identity 31-19 %. 

FCC3 
FCC2 
FBCL 
FJCL 
FBCH 
HSA3 
HSBZ 
FJCH 

A B C D E 
3 63 373  380  407  417  427  435 

sdgsFFLYSKLTVDKSRW  gnVFSCSWH-ea-1hnhyTQK 
- n s T Y R W S V * ? g k e Y K C K V S n - k a - l p a - p I E K  
snnkYAASSYLSLtPEQWKShrsYSCQVTH-eg-s---TVEK 

ssglYSLSsvvTVp~lgt-qtYICNVNHkpsnT---KVDK 
kdstYSMSSTLTLT-rhnSYTCEATh-kt-stS-pIVK 

gdrtFQKWAAWPSGEE---QRYTCHVQh-eg-lpk-pLTL 

124  134  140  150  158  165  175  184  194  204 

B 

15  35 
C D E F 

45 52 60 84  102  120 

lTLD ~ ~ ~ ~ ~ I S G w g n t k s s g t ~ l K C L ~ ~ S C K S A y - p g q i ~ s n M F C A g y l e g g k d s c q g d s g g P ~ C - s g K L Q G ~ V S W g s g - - - - - ~ a - q  147  157  167  176  185  194 203 217 221 

2ALP s N sgs  TEAA aAVCRSGrt--------- t---GYQCGTITAK-NVTANYaeGAVR-GLTQGn-----acmgrgdsggSWItsagqAQGVMSGGnvqsngnncgi 
137  157  166  177  194  207  217  222 

229  239 
lTLD --knkpGVYTKVCNWSWIKQ-TIAsn 
2ALP pRsQrsSLFERLQPILSQYglSLv-tg 

229  239 

3APP - 3HVP. Sequence identity 16%. 

3APN 
3HVP 

3APN 
3HVP 

10 30 40 50  60  70  80  89  99  109 
aasGVATNtPTAN E TPVTIGGTTLNLNFDtgsadLWVfstelp~sghsvyn~gKELSGYTWSISygdgsSASGNVF-TDSVTVggVTAHGQAVQAAQQIS 
- - ~ w - - ~ ~ ~ I R I g g Q L K ~ L L d t g a d ~ T V L E e - - - - - - - - - - - - - m n l - - - - p g - k ~ K P ~ I g g i - g g ~ I ~ R Q Y d q ~ p v e ~ ~ g h ~ - ~ g ~ V L v ~ - p ~ -  7 12  22  32  44 53 63 

A 
72 

Fig. 3. Continued. 

The results of calculations of both direct (Table 2) and rela- 
tive RMSC (Fig. 6), as well as the mean RMSC and RMST 
shown in Figure 7, suggest that local conformational deviations 
in the conserved PPII-helices fall within the range observed for 
other secondary structures. This similar range of conformational 
distortions is readily identifiable for  the  PPII, a and /3 in Fig- 
ure 6, where the local RMSC data is plotted for  the 3 analyzed 
families. In the subset of immunoglobulin constant domains the 
PPII-helices have lower local structure deviations compared to 
the P-sheets (see Fig. 7). 

Overall, these results confirm our previous conclusions of 
the similar degree of conformational stability in the  PPII, a ,  
and p. The relative structure deviations stayed at close levels 
for all 3 structure classes, with no significant difference for  the 
a-helices.  However, the low level of the  PPII  structure devia- 
tions in Ig constant domains was present also in the relative 

RMSC data, which points at its highly conserved character in 
this family. 

It should be noted that although local RMS deviations in Ta- 
ble 2 and Figure 6 represent comparisons of the conserved sec- 
ondary  structure elements, their values display a wide spread for 
the molecules with sequence identities below 40%. A consider- 
ably smaller degree of local distortions is observed in the con- 
served secondary structures for sequence identity levels above 
40% (see Fig. 6). Therefore,  it could be suggested that relative 
local conformational stabilization of conserved secondary struc- 
tures is only reached at  the level of sequence conservation of 
40% and higher. 

Thus,  an extensive comparison of the conservation levels 
and  the RMS deviation  patterns yielded similar results for  the 
PPII-helices and  other regular secondary structures in 3 farni- 
lies. Generally, the pattern of their conservation in homologous 
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Table 2.  Conservation  of the PPII-helices calculated from the pairwise alignments, 
and local RMS deviations for the regular secondary structuresa 

.~ 

Protein family PDB  code 

Serine proteinases 
1 tld-4cha 
ltld-lton 
ltld-2pka 
ltld-3est 

Itld-lhne 
ltld-3rp2 
Itld-2sga 
1 tld-2alp 

1 tld-1 sgt 

Aspartic  proteinases 
3app-4ape 
3app-2apr 

3app-lcms 
3app-3hvp 

3app-5pep 

IG constant  domains 
lf~l(CH3)-2fb4(CL) 
lfcl(CH3)-2fb4(CHl) 
1  fcl  (CH3)-2fbj  (CL) 
lfcl(CH3)-2fbj(CHl) 

lfcl(CH3)-lhsa(beta2) 
Ifcl(CH3)-lhsa(alpha3) 

lfcl(CH3)-lfcl(CH2) 

Sequence 
identity RMS 
(070) (A) 

46.08 1.170 
42.86 1.394 
40.54 1.260 
38.46 1.140 
35.55 1.553 
34.13 1.271 
33.95 1.215 
19.25 4.098 
17.24 5.319 

54.69 1.535 
40.89 1.906 
32.24 1.979 
28.80 1.887 
16.33 3.151 

31.31 1.671 
29.17 1.751 
28.71 1.713 
24.21 2.202 
23.16 1.510 
22.68 2.302 
18.95 1.897 

Aligned PPII  PPII  PPII  PPII a a P P 
residuesb conserved segments RMSC RSMT RSMC RSMT RSMC RSMT 

(%) (Peons%) conservation' (A) (deg.) (A) (deg.) (A) (deg.) 

97.0 
97 .O 
99.0 
99.0 
95.0 
93 .O 
96.0 
72.0 
78.0 

99.0 
97 .O 
94.0 
96.0 
56.0 

97 .O 
94.0 
99.0 
93.0 
93.0 
95.9 
93 .O 

100.0 
83.0 

100.0 
100.0 
90.0 
80.0 

100.0 
50.0 
50.0 

86.0 
86.0 

100.0 
100.0 
50.0d 

100.0 
100.0 
100.0 
86.0 
80.0 

100.0 
80.0 

A B   C D E  F 0.119 22.08 0.131 11.58  0.165 14.69 
A b ' B   C D E  f 0.155 18.54 0.106 13.85 0.191 19.97 
A B C D E F  
A B C D E F  
A B C d E F  
A B C D e f  
A B C D E F  

e 

a b C D e f  

A B c ' C  
A b ' B C  
A B C  
A B C  

e 

A B C  
A B C  
A B C  
A B C e '  
B C d' 
A B C  
A b C  

0.172 18.85 0.195 
0.311 22.09 0.063 
0.308 38.25 0.127 
0.276 25.59 0.176 
0.148 15.01 0.086 

0.216 
0.175 

f 

f 

0.227 15.12 0.123 
0.236 27.68 0.093 
0.271 36.48 0.160 
0.264 26.89 0.137 

0.200 f 

0.220 17.32 0.202 
0.264 25.17 
0.106 14.56 0.208 
0.206 33.87 
0.157 16.29 0.163 
0.132 28.37 
0.195 22.75 

13.70 0.211 
08.27 0.181 
09.35 0.204 
17.07 0.153 
10.27 0.232 
37.40 0.43 1 
33.47 0.499 

17.28 0.196 
14.83 0.228 
19.04 0.266 
13.24 0.257 
32.06 0.472 

16.94 0.174 
0.301 

13.06 0.230 
0.306 

17.17 0.323 
0.280 
0.210 

20.63 
16.92 
19.47 
15.98 
20.46 
40.88 
43.66 

22.45 
21.63 
28.70 
38.79 
56.64 

18.81 
28.90 
22.00 
31.56 
29.39 
29.42 
21.25 
- ~~ 

a Here  and  in figures: RMS,  RMS  deviation  for  structurally aligned molecules; aligned residues, number of structurally equivalenced residues; 
PPII, left-handed  polyproline 11 helices; a, a-helices; 6, P-strands;  RMSC, local RMS  deviation in Cartesian space; RMST, local RMS deviation 
in 6, $ torsional  angle space. 

Proportion of the  structurally aligned residues in the reference structure. 
As identified  in  Figure 3, conserved segments are shown in  uppercase, nonconserved segments are  indicated with lowercase. 
Including 3-residue PPII-helices. 

No alignment of secondary  structure  type possible. 
e Not shown in  Figure 3. 

structures follows the same rules as do  the a-helices and  the 
&strands. 

A detailed description of the PPII-helices occupying structur- 
ally similar positions in the analyzed families is  given in the fol- 
lowing sections. 

Specijk protein  families 

Serine proteinases 
The PPII-helices in  bovine trypsin, used as the reference struc- 

ture,  are mainly positioned at  the molecule surface and form ex- 
posed structural elements (Fig. SA; Kinemage 1). This seems to 
be the main  characteristic  feature of the PPII-helix  A (Thr 21- 
Ala 2 4 ,  Fig. 3),  lying  close to the N-terminus and separated from 
other regular structure segments. This is also true  for  the  short 
PPII-helix E (Tyr 151-Asp  153) that forms a  part of the exposed 
region between (3-strands 1 and 2 in the second domain of the 
molecule. In addition  to this general exposed location,  certain 
PPII-helices  can be associated with a specific structural role. 
PPII-helix F (Ile 162-Asp  165),  which is also exposed, serves as 

a connecting segment between the P-strand 1 and  the a-helix in 
the second domain. It thus  participates in a supersecondary 
structural element /3-PPII-a, the unusual aspect of  which  is the 
transition of a left-handed PPII-helix to a right-handed a-helix 
at  the point of an overlapping residue. This type of super- 
secondary structure was identified as commonly found  for  the 
PPII-helices (Adzhubei & Sternberg, 1993). A  different role of 
the PPII-helices in the structure of trypsin is the formation, with 
some interruptions, of the whole block connecting 2  domains 
in the molecule. An inspection of the relative orientation of the 
PPII-helices B (Ser  110-Ser  113) and following in the sequence 
C (Ala 119-Pro 124) shows that they lie in the same plane at  the 
approximately 90" angle to each other provided by the right- 
hand turn  at  the bending point. The  PPII-helix D Ser 127- 
Ala 132,  which follows immediately, continues this supersecond- 
ary motif  (Fig.  SA;  Kinemage 1). Consequently, the interdomain 
block formed mainly with the PPII-helices and connecting 
&strand 6 of the first domain  and /3-strand 1 of the second do- 
main can be identified.  The whole block lies closely to  the mol- 
ecule surface and has high degree of exposure.  Looking at  the 
positions of the PPII-helices relative to  the active site one can 
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serine  proteinases  aspartic  proteinases IC constant  domains 
10 1 

8 

6 

4 

2 

" 
beta alphd3.10 PPII beta alphd3.10 PPII beta alphaB.10 PPZI 

3APP - 3HVP 

' 0 ° 1  

lTLD - ZALP 

" 

beta alphd3.10 PPII 
sequence idendtity 16% 

beta alphd3.10 PPll 

sequence  identity 17% 

Fig. 4. Levels of conservation for secondary structure classes of the a-helices, the  &strands, and the PPII-helices calculated 
from the multiple alignments using Equation 2 in the Methods. The degree of conservation can vary for different secondary 
structure classes and protein families but does  not normally drop below 50%. The number of conserved PPII-helices in 3hvp 
includes  3-residue  segments, no PPII-helices of  length 4, and more residues are conserved there (see text:  Specific protein families). 

notice that they represent structural elements most  remote to 
the residues of the catalytic triad, Indeed, being comparatively 
evenly placed on the molecule surface,  PPII-helices form  the 
first, external layer of regular structure. 

From the rest of serine proteinases in the family, the 100% 
level of conservation of the structural  motifs involving PPII- 
helices is found  for a-chymotrypsin (4cha), tonin (Iton), kalli- 
krein A  (2pka), porcine elastase (3est), and proteinase 2 (3rp2). 
This does not include the PPII-helix Ile 6-Val 9, located in chain 
A of a-chymotrypsin  absent in other molecules (see Fig. 3). 
There is less, but still substantial  conservation for  human neu- 
trophil elastase (lhne)  and Streptomyces griseus trypsin (lsgt) 
(Fig.  3). One  particular difference of 4cha, 3est, lhne,  and 3rp2 
from the structural  features described for ltld is a longer PPII- 
helix C in the interdomain motif and  the presence of a loop con- 
necting it with PPII-helix D of the interdomain block. In lton 
and 2pka however the length and orientation of PPII-helices is 
identical to  ltld. Length of the PPII-helix in @-PPII-a motif can 
vary for different molecules, depending on  the length of the 
&strand in a  particular  structure.  In lton,  the  @-PPII-a motif 
is formed with a  distorted 310-helix rather than an  a-helix and 
an  additional  PPII-helix  appears between residues Tyr 94- 
Leu 95B, which is not found in other molecules. This is most 

probably due to differences in structure caused by a chain break 
between residues Leu 95B and  Pro 95K in lton. An interesting 
feature of the PPII-helices A', A, and E in a-chymotrypsin is that 
they occur at the  start of each of the 3 chains. This could be com- 
pared with PPII-helix A in other structures that also lies close 
to  the N-terminus. 

In trypsin lsgt, with  its 35% sequence identity with ltld,  PPII- 
helix D in the interdomain block is not conserved. The  chain, 
though,  forms 1 turn of a distorted left-handed helix, which, for 
hypothetical modeling purposes,  could be approximated by a 
PPII-helix. Two proteins that have shorter polypeptide chains, 
with structure, as well as sequence  being  distinctly different from 
ltld,  are proteinase A (2sga) and or-litic proteinase (2alp). The 
majority  of PPII-helices, Iike many other structural features of 
Itld,  are not conserved in 2aIp. The  domain-linking PPII seg- 
ments are however conserved (Fig. 3), although they are dis- 
torted.  The situation is similar for 2sga. This  probably  points 
at  the structurally most important location of the  PPII helical 
segments, performing a  common  function of linking structural 
domains,  retained  across the family. 

Thus,  the interdomain  structural block in serine proteinases, 
formed by PPII-helices, displays a high  level  of conservation for 
molecules with sequence identities ranging from 46 to  35%. Al- 
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PPII conservation I sequence  identity 
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Fig. 5. Overall conservation of the PPII-helices in the dataset incorpo- 
rating 3 families calculated from  the pairwise alignments. The average 
proportion of conserved blocks reaches its plateau, with fluctuations 
from 80 to loo%, for the levels  of sequence identity above 25% and 
RMS deviations below 3.0 A .  

though  the rest of  the  PPII-helices  are  also  conserved  for high 
sequence  identity levels, the  situation  becomes less predictable 
when it drops  to 35-30%. This is associated with high divergence 
of  the  local RMS for  this  sequence  identity level, as  shown in 
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Figure 6 .  Proteinase 2 at  34%  identity  with  trypsin  displays a 
100% conservation of all  PPII-helices. The  conformation of the 
chain  of human  neutrophil elastase, at  the  same level of sequence 
identity, deviates from  trypsin especially  in the exposed  regions 
of  structure.  Unlike  in  ltld,  there is no  a-helix  corresponding 
to the  0-PPII-a motif and  the relative PPII-helix is also not con- 
served.  The  PPII-helix E is distorted  and is not  included in the 
set of  identified PPII  segments (Fig. 3). However, if less rigor- 
ous  criteria  are  applied  the  left-handed helical structure  of  this 
segment  should  be  considered  as  conserved. 

In  summary,  the PPII-helices are conserved  in  serine  protein- 
ases  for  the  range of sequence  identity  46-34%,  although  some 
of  them  may  be  distorted  at  its lower levels. PPII-helices  that 
are  not  conserved in this  identity  interval  mainly  participate in 
supersecondary  structure  formations  and  are  absent  from  the 
structure  as a part of the  nonconserved  supersecondary  block. 
At low levels of sequence  identity, less than  30%,  and  the dis- 
similarity  of structures associated with it, PPII-helices perform- 
ing  vital functions,  mainly  domain  linkage,  are  conserved. 

Aspartic  proteinases 

An  important  structural  feature of the  PPII-helices in aspar- 
tic proteinases is that nearly all  of  them  are  incorporated in the 
standard highly conserved  supersecondary  motif  formed by a 
short 3,,-helix, an  intermediate segment  of 1-4 residues, and a 
PPII-helix.  The  proper  hydrogen  bonding in 3,,-helices might 
not  be  formed in particular  structures,  but  their  geometry, if 
only with minor  distortions, is always  retained. The result of oc- 
currence  of  such  a  motif in a structure is chain reversal. This pat- 
tern  of  recurring  motifs is clearly manifested in  penicillopepsin 
(3app), which  was chosen  as a reference  structure  for  the  fam- 
ily (Fig. 3). The  first 3,,-PPII motif,  formed with PPII-helix A 
(Gln 135-Phe 140), connects  a @-strand  and  an  a-helix in the first 
domain  of penicillopepsin. The  most  important is probably  the 
second  3,,-PPII  motif  connecting 2 0-strands  and  formed by 
PPII-helix B (Gly  177-Thr  180). It serves as a  link  between the 
2 domains in the  molecule,  the  function similar to  that of the 
interdomain  motif in serine  proteinases,  also  formed by PPII- 
helices. The  motif  linking 2 domains is conserved  across  the 
whole subset of aspartic  proteinases.  The  third  standard  motif, 

relative  r.m.s.c. I sequence  identity 
0.7 + PPI1 

0 
-D- alpha 

U beta 

Fig. 6. Range of relative local RMS deviations in the 
conserved a-helices, &strands, and PPII-helices calcu- 
lated for all analyzed structures. RMSC rel, relative lo- 
cal RMS deviations in Cartesian space. The distribution 
for PPI1 is similar to 01 and 0. Relative stabilization of 
local conformations of the conserved blocks of second- 
ary structures, with a much lower range of distortions, 
is observed for sequence identities above 40%. 
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Fig. 7. Mean  local  RMS in the secondary structure classes CY, 0, and 
PPII, for the 3  families. The comparison of the (RMSC) and the rela- 
tive  (RMSC)  values  shows  similar  degree  of structural divergence  in the 
conserved  blocks for all  3  secondary structure classes. A lower  level  of 
relative (RMSC) for PPII in Ig constant domains suggests  fewer struc- 
tural deviations  in  this  class  compared to @strands. In serine protein- 
ases, the (RMST) for PPII is higher  compared to CY and p, pointing at 
a  higher conformational dissimilarity. Even so, it still  stays at the level 
occupied by both p and PPII in the other 2  families. 

Fig. 8. Structural alignments. The aligned  molecules  shown  represent 
low  levels  of sequence  identity.  with substantial structural deviations. 
The  reference S t r ~ c t ~ r e ~  are shown in white,  with the PPII-helices in ma- 
genta. The aligned structures are in blue  with the PPII-helices shown 
in yellow. PPII-helices are labeled according to the notation in Fig- 
ure 3. A: ltld (white)-lhne (blue), 34%  sequence identity. The inter- 
domain motif  formed  with the PPII-helices B, C, and D is shown; 80% 
of the PPII-helices are conserved. The structural deviation in this pair 
is  higher than for other members  of the family  of  serine proteinases.  The 
loop flanked by the PPII-helices C and D was  modeled in lhne from 
the parent segment  in ltld. B: l fc lKH3 (white)-Zfbj/CL (blue), se- 
quence identity 29%. The PPII-helix A in l fc lKH3 forms an inter- 
domain  link  corresponding to the PPII-helical  switch  peptide 2fbj/CL. 
The PPII-helices are highly  conserved in immunoglobulins and here the 
conservation is 100%. Note the PPII-helix C in 2fbj/CL, which  is 2 res- 
idues shorter than in lfcl/CH3. Color images  produced  using program 
PREP1 by Dr. S. Islam, ICRF. 

which includes PPII-helii D (Leu  253-Phe  256), forms a con- 
nection between the 2 &strands  in the second domain. 

The 3,,PPII motifs are conserved for all structures included 
in the family (see  Fig. 3), with some differences that  do  not  af- 
fect the overall shape of the  motifs. The length of intermediate 
segments as well as  the PPII-helices can vary for the  first and 
the  third occurrence of 310-PPII motif. The motif linking 2  do- 
mains is most conserved, with the length of the PPII-helix and 
the intermediate segment identical for all structures. The rela- 
tive location of PPII-helices is on  the surface of domains,  in 
symmetric positions respective to  the active site. It is possible 
that an additional degree of flexibility, apart  from that provided 
by the  PPII-helix in the  interdomain link, is imparted by the 
PPII-helices in each domain. 

There are, however, 2 PPII-helices, the Leu 158-Ala 161 in 
rhizopuspepsin (2apr) and the Gly  202-Lys  204 in endothiapep- 
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sin  (4ape),  that  are  not  retained  in  other  structures.  The  PPII- 
helix in 2apr  participates  in a 0-PPII-a  motif  that is not  formed 
in  other  structures.  In  4ape, with its  longer chain,  the  additional 
PPII-helix  also  does  not have an equivalenced  segment  in other 
structures. 

Because the  active  enzyme  of  HIV  protease  (3hvp) is formed 
by 2  molecules, its  structure  was  aligned with the  N-domain  of 
penicillopepsin (3app).  The RMS deviation of the 2 aligned 
structures,  with  sequence  identity  at  l6%, is high  and  reaches 
3.15 A. Although main structural features similar to  that  of  3app 
can  be  traced in 3hvp,  some  of  the  structural  elements  are miss- 
ing  in  its shorter  chain (Fig. 3). Several a-helices  and  0-strands 
are  not conserved, and  the details  of relative orientation of other 
0-strands  are  different.  No  structural region  in HIV  protease 
could  be  aligned to  the  part  of  the  structure  of  penicillopepsin, 
which includes  the  PPII-helix  of  the  first  domain.  It  should  be 
noted however that  the 2 PPII-helices  positioned  immediately 
at  the  N-terminus  of  3hvp will serve as  the  interface between  2 
molecules of  the  active  enzyme.  They  thus  mimic  the  PPII he- 
lical interdomain Iink in the rest of  aspartic  proteinases.  Hence 
even though  no  direct  structural  similarity  could  be  found be- 
tween the  N-terminal  PPII-helices in HIV  protease  and  the in- 
terdomain  PPII segment  in  penicillopepsin, the  topological  and 
functional similarity is clear. This  fact  could  prove  valuable  for 
homology  modeling. 

Thus,  the  PPII-helices  in  aspartic  proteinases  participate  in 
310-PPII  supersecondary  motifs, which are conserved across  the 
family. The 2 PPII-helices  that  are  not conserved are located in 
structural  blocks dissimilar  with the  corresponding  parts of ho- 
mologous  structures.  One  of these PPII-helices is located in a 
nonconserved  supersecondary  motif.  Although  at  the sequence 
identity level below 20070, in 3hvp, only  1 short  PPII-helix  at  the 
N-terminus is directly conserved,  the  PPII  conformation  of  the 
linking  region is retained. 

A . A .  Adzhubei and M. J.E. Sternberg 

Immunoglobulin  constant domains 

The relative location of PPII-helices  in Ig constant  domains 
follows  the  pattern  from  previous  results.  Firstly,  the  PPII- 
helices form  interdomain links. The  structure  of a curved  PPII- 
helix is adopted by switch peptides  connecting  variable  and 
constant  domains in FAB  fragments (Fig. 9A).  The  interdomain 
link CH2-CH3 in the  FC  fragment is also  formed by 2 PPII- 
helices (Fig.  9C). The  second  common  feature is the  location of 
PPII-helices  on  the  domain  surface,  where  they  participate in 
the  first layer  of regular  structures. 

The CH3 domain of the  FC  fragment of human  immunoglob- 
ulin IgGl  ( lfcl)  serves as a reference  structure  for  the  family. 
Because some  residues  are missing at  its  C-terminus,  no  struc- 
ture  identification was performed  for  this  part  of  the  domain. 
Fifteen  residues  are  also missing at  the  N-terminus of the  CH2 
domain of  1 fcl , and  this  region  of  CH2 was  excluded from 
structure  comparisons. 

The  curved  PPII-helix A (Gln 342-Gln 347,  Fig. 3),  located 
at  the  N-terminus,  corresponds to the  PPII-helical  switch  pep- 
tides in FABs. PP11-helix B (Leu 351-Arg 359, following closely 
to  the  first  one,  connects a short  0-strand  and a  3,0-helix, thus 
forming a 0-PPII-3,,,-supersecondary element.  Together these 
2 PPII-helices  span  along  the  domain  surface  forming a  flexi- 
ble interdomain link (see Fig. 8B and  Kinemage 2). The  long 
PPII-helix C (Thr 393-Asp 399) also lies on  the  surface  at  the 
same  side  of  the  domain  as  the  first 2 helices, at  the  approxi- 
mately  30"  angle to  them.  PPII-helix C is immediately  followed 
by a  reverse turn. 

PPII-helices A,  B, and C are conserved practically in all struc- 
tures, even in those with  low levels of  sequence identity close to 
20% (see Fig. 3). The  exception is the a 3  domain of lhsa,  at 
19% sequence identity with reference structure, where PPII-helix 
B is not  conserved. In the a 3  and  the  02  domains of lhsa,  the 

, 2fb4  light  chain VL-CL 

8 2fb4  light  chain VL-CL 

c lfcl  heavy  chain  CH2-CH3 

D lfcl heavy  chain  CH2-CH3 

Fig. 9. PPII-helices  as interdomain struc- 
ture  in immunoglobulins. A: Switch  peptide 
formed by the PPII-helix  (A) in the struc- 
ture of IgG FAB fragment 2fb4. B: The 
curved PPII-helix A in the switch peptide 
that  serves as a domain-domain link  in 2fb4 
(VL-CL). C: The PPII-helix (B) forming an 
interdomain link  in the IgGl  FC fragment 
l fc l .  D: The 2 adjacent PPII-helices B of 
the interdomain link in lfcl (CH2-CH3). 
Diagrams were  prepared by MOLSCRIPT 
(Kraulis, 1991). 
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right-handed 3,0- or  a-helix  normally  following  the  PPII-helix 
B  in Ig constant  domains is absent,  and  the  topology of super- 
secondary structure of  this part of the  domains is different. With 
the decrease of sequence  identity for  the a 3  domain,  this results 
in the  absence  of  the  corresponding  PPII-helix. 

Compared  to  the  CH3  domain  of 1 fcl , the  interdomain  PPII- 
helix A forms a longer structure  of switch peptide  in CL  domains 
of FAB fragments.  In the CH1  domains  of  human Ig FAB (2fb4) 
and  mouse  IgA  FAB  (2fbj),  the  PPII  structure of switch  pep- 
tides is longer  and  more  curved.  PPII-helix C is represented by 
a short  distorted  structure in the  CH2  domain  of  lfcl,  and in 
the CL domain  of  2fbj (see Fig. 8B and Kinemage  2)  it is shorter 
compared  to  other  domains. 

An  additional  PPII-helix,  Asn 209-Gln  212, not  formed in 
other  structures, was found  in  the  CHI  domain  of  2fbj.  The  to- 
pology  of  the  chain  however is conserved  here,  with  the 2 sub- 
sequent  left-handed  turns in the  reference  structure,  the  CH3 
domain  of  lfcl,  mimicking  the  PPII-helix in the  CHI  domain 
of  2fbj.  Thus,  for  modeling  purposes  the  chain  conformation 
could be approximated with a PPII-helix. 

To summarize,  PPII-helices  are highly conserved  in Ig con- 
stant  domains, even at  the  lower levels of sequence  identity. 
They are mostly found  at  the N- and C-termini  of domains, serv- 
ing as linking structures in switch peptides and in the similar pep- 
tides  connecting  CH2  and  CH3  domains. 

PPZZ-helices  in modeling 

The  benefits  of  introducing  the new class of  elements in regu- 
lar  SCRs  in  proteins lie mainly in  the  reduction of size and  num- 
ber of VRs,  which  can  therefore  increase  the  accuracy  of 
modeling.  In  practice, when  a PPII-helix  occurs in a region of 
protein  structure  that previously was treated  as a nonconserved 
loop,  only  shorter  parts of this  loop will now be  scanned against 
the  database  in  order  to  find  suitable  candidate  fragments  for 
modeling. 

The  other  source  of  improvements in modeling  quality  are 
PPII-helices  themselves.  When  PPII-helices  are  treated  as  part 
of  loops,  the  geometry  of a modeled  chain is  likely to  be mis- 
represented.  It  happens  because  chirality  of  the  chain is not 
taken  into  account  and  the  left-handed  PPII-helix  could  be 
easily modeled with a right-handed a- or 3,0-helix. 

Two  examples  are  shown  here. A loop in elastase,  flanked by 
2 PPII-helices, was modeled  from  the  shorter  loop  in  trypsin, 
and a loop  in  pepsin between a 3,0-helix and a PPII-helix was 
modeled  starting  from a longer  loop in penicillopepsin. 

In  the  sequence  of  trypsin  ltld,  the  conserved  PPII-helices C 
and D are  separated  by I residue (see Fig. 3). The  correspond- 
ing  7-residue  segment LPAQGRR  in elastase lhne was modeled 
(see  Fig. 8A  and  Kinemage 1). For a database  scan,  the  ends of 
the  parent  loop  in  ltld were  fixed at  residue  pairs 123, 124 in 
PPII-helix C and 127, 128 in  PPII-helix D. From  the  set  of  suit- 
able  fragments  found in the  database, a fragment  in  the  immu- 
noglobulin 2fbj  H-chain  that satisfied the  RMS criteria and  had 
high  sequence  similarity with the  target  sequence was fitted to  
the target structure  and its sequence mutated (see Methods). The 
superposition  of  the  modeled  structure  and  the  native  loop  in 
lhne  showed  their  high  similarity (Fig.  10A). The  RMS  devia- 
tion of the C" atoms  of 2 segments is 0.9 A. 

As  shown  in  Figure 3 ,  any  attempt  to  model  the  same  loop 
in  lhne when PPII-helices  are  not used as  conserved  elements 

would  imply  the  first  conserved  elements to be  the  0-strand 6 
of  the  first  domain,  and  the  0-strand 1 of  the  second  domain. 
The length of VR would  be  equal to  25 residues, thus ruling out 
the possibility of a direct  search of the  database  for  suitable 
model  segment. We tried to  model  different  combinations of 
sections  of  the  loop  but failed to  produce  model  structures 
with  RMS  and  sequence  similarity  comparable  to  the  results  of 
modeling with PPII-helices as  SCRs.  The  introduction  of  PPII- 
helices yielded a markedly higher accuracy  in  modeling,  enabling 
sharp  reduction  of  the  length  of a VR. 

The  loop lying  between  2  conserved helices in  penicillopep- 
sin  3app,  the  short 3,*-helix, Ser 127-Ile 129, and  PPII-helix A 
(Gln 135-Phe  140),  was  used to  model a corresponding  shorter 
segment in pepsin  Spep (Fig. 3). For a PDB  database  scan, a 
fragment  in  the  parent  structure  3app  that  started  from residues 
127, 128 of  the 310-helix and  included  the  loop  and residues 
137, 138 of the  PPII-helix, was taken.  The fixed pair of resi- 
dues  at  the  PPII-helical  end  of  the  parent  structure was shifted 
1 residue  along  the  sequence  to  avoid assigning PPII  structural 
class to the glycine in the target sequence. Gly residues are shown 
to be highly unfavorable for  the PPII-helices  (Adzhubei & Stern- 
berg, 1993). In  fact,  the  PPII-helices  are  the  most  unfavorable 
secondary  structure  for Gly. It is thus recommended that, when 
assigning  PPII-helices  to  target  sequence, Gly  residues should 
be left outside  the  boundaries of  a PPII segment. The target se- 
quence in 5pep,  PSISASGAT (see Fig. 3), included 9  residues. 
The  database  search yielded  a fragment in cytochrome c (lccr) 
that  satisfied  both  criteria of the  RMS  and  sequence  similarity. 
A part of this  segment  connecting the conserved 310- and  PPII- 
helices was used to model  the  loop.  The  RMS  deviation of 
the  C"  atoms of superimposed  native  and  model  structures is 
0.4 A (Fig. IOB). 

The  other aspect of the  importance of PPII  structure  for  mod- 
eling can  be seen after a subsequent  attempt  had been made  to 
model  the  same  segment in Spep  without  accounting for the 
PPII-helix.  Starting  from  the  same 310-helix end  of  the  parent 
segment, its other  end was  assigned to  the  first  residue  of  an 
a-helix  in  3app directly  following PPII-helix A  used as  an  SCR 
in  the  previous  modeling  run (see Fig. 3). The  PPII-helix was 
treated  as a variable region. The best of the resulting fragments 
found  in  the  structure  of  influenza  virus  hemagglutinin  2hmg 
is shown  in Figure LOC, superimposed  with the native structure. 
The  RMS deviation is 1.77 A. Here, high RMS is combined with 
the  questionable  resemblance  to  the  target  structure.  The  most 
incorrectly  modeled  though is the  PPII-helix itself: the  corre- 
sponding  modeled  structure is a right-handed  a-helix. 

Discussion 

An  important  feature  of  the  a-helices  and  the  @-strands  in  pro- 
teins is their  tendency to  occupy  the  same relative positions  and 
retain  similar  length  in homologous  structures.  This  pattern, be- 
ing  trivial for  the levels of  sequence  identity of 50% and  higher, 
is formulated  as  the  principle of conservation of main  second- 
ary  structure blocks for  the lower levels of  sequence  identity and 
is essential for  modeling.  It is apparent  that  an  expansion of 
structurally  conserved  core, with  new elements  added  to  it, is 
of  primary  importance in the  situation when the  geometry of 
whole structural blocks can deviate sharply in the molecules un- 
der  comparison. A  conserved character of such secondary struc- 
tures  as  the  a-helices,  the &sheets, and  the 3,0-helices can  be 
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Fig. 10. PPII-helices  in  modeling. A: Super- 
imposed  structures of the  modeled (1) and  the 
native (2) loop  in  lhne,  RMS  0.9 A. The model 
is based on  the  assumption  that  the  PPII- 
helices flanking  the  loops  are  conserved  and 
form  SCRs. B: Superimposed  structures of the 
modeled 0 )  and  the  native  (2)  loop  in  Spep, 
RMS 0.4 A. The conserved 3,"-helix is located 
at the  N-terminus  and  the conserved PPII-helix 
at  the  C-terminus of the  loop. C: C"-tracing 

1 of  the  superimposed  modeled (1) and  native (2) 
segments  in  Spep.  Here,  modeling was per- 
formed  for  the  same  loop  as  in (B),  but the 
PPII-helix  was  not  considered  as  a  conserved 
structure  and  its  conformation  was  not  as- 

get  segment.  The  RMS  of  the  model  with  the 
native  segment is high at 1.77 A. The  part of 
the  modeled  segment  equivalenced  with  the 
left-handed  PPII-segment  in  the  native  struc- 
ture is formed by a  right-handed  a-helix, which 
makes  the  model  inadequate.  Stereo  diagrams 
were prepared by MOLSCRIPT (Kraulis, 1991). 

1 

2 2 signed to the  corresponding sequence in  the  tar- 

1 1 

easily predicted:  they  form  the  spatial  backbone  of a molecule, 
thus determining the structure-function  relationship. If both  the 
function  and  sequence  are  similar,  the  building  blocks  are  also 
likely to be similar. The PPII-helices however cannot  be equalled 
with  other  regular  structures in their  characteristic  features. 
More flexible, found mainly on  the molecule surface,  the  PPII- 
helices probably  perform  quite a different role  in protein  struc- 
ture  compared  to relatively rigid blocks of the  a-helices  and  the 
&sheets.  PPII-helices  form  structural  elements  that  can  be 
termed flexible  blocks, serving as  connections between building 
blocks and  may be capable  of  performing  minor  structural  ad- 
justments  important  for  function. 

The presence of  PPII-helices  as flexible structural  elements 
is shown  in  this  work,  most  importantly  as  the  predominant 
structure of interdomain links  in  all 3 protein families  analyzed 
here.  However, it is exactly these  properties  of  high  conforma- 
tional  mobility  that  make  any a priori  conclusions  about  the 
conservation  of  the  PPII-helices  unreliable.  Perhaps  the  PPII 
conformation of a mobile  element is flexible to  the extent  where 
it would  be  not  conserved  in a homologous  molecule. 

The  results  of  this  work  however  show  that  in  terms of con- 
servation  in  evolution  the  PPII-helices in protein  structure 
behave similarly to  the  a-helices  and  the  0-strands.  The  PPII- 
helices are  normally  conserved  down  to  the low levels of  se- 
quence  identity of 30-209'0. Even if at  the  lower  end  of  the 

sequence  identity  range the  structure is distorted,  the left-handed 
conformation  of  the  chain  and its characteristic  geometry  are 
retained.  This  allows  assignment of the  PPII  structure  to seg- 
ments  for  modeling  purposes with  high degree  of  confidence. 
It is noteworthy  that  the  other  tendency  in  conservation  of  the 
PPII-helices is associated with their role  as  part  of supersecond- 
ary  structure  elements.  These  supersecondary  elements,  where 
a PPII-helix normally serves as a flexible link with other second- 
ary structures, i.e.,  the a-helices and  the 0-sheets, were first iden- 
tified by Adzhubei  and  Sternberg (1993). Their presence  in 
protein  structure is confirmed by the results of this work.  When 
participating  in a supersecondary  element, a PPII-helix is con- 
served so long  as  the  element  as a whole is conserved.  The  ab- 
sence of an  a-helix  from  such  supersecondary  element in  a 
homologous  structure will lead to  the associated PPII-helix  also 
being absent  in  this  structure.  The  explanation  of  this  behavior 
probably lies in the extremely  close connection  formed by the 
2 structures, with a 1-residue overlap  of  the  left-handed  and  the 
right-handed helical conformations  (Adzhubei & Sternberg, 
1993). As  the next step  in  the  analysis  of  the  PPII-helices, we 
plan to  identify  and classify supersecondary  motifs  incorporat- 
ing this  structure. 

The  conservation  of  PPII-helices seems also  to be related to  
their role in the  structure  of a specific molecule. The PPII-helices 
forming key structural  elements,  e.g.,  interdomain  links,  are 
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conserved even at  low levels of sequence  identity,  as  demon- 
strated  for  all 3 protein  families  analyzed  here. 

Because the  PPII-helices  are  mostly  located  on  the  molecule 
surface  and  do  not participate  in  intramolecular  hydrogen bond- 
ing networks, regular hydrogen  bonds with  water are  important 
(see Adzhubei & Sternberg, 1993). The  central  role  of water for 
maintaining  the  PPII-conformation  was  confirmed by Monte 
Carlo  (Eisenhaber et al., 1992) and  molecular  dynamics (Sreer- 
ama & Woody, 1992) calculations. Because of  their  strong in- 
teractions with water  the  PPII-helices  can be seen as key points 
for  the  structure  of a hydrating layer  of water molecules.  A de- 
tailed study  of  the  PPII-water  interactions in crystal structures 
would  without  doubt  provide  deeper  insight  into  their  role of 
linking flexible  blocks. 

PPII-helices  located  on  the  protein  surface  can  also  serve  as 
sites of intermolecular interactions.  Their ability to  form  hydro- 
gen  bonds  directed  to  the  outside  of  the  molecule  can  provide 
a flexible  link  between  2 structures.  In  addition  to  their  role  of 
interdomain  links,  the  PPII-helices tend to  participate in the re- 
gions  connecting  major  structural  parts  of a  molecule.  A good 
illustration  of this is the  immunoglobulin hinge region where the 
PPII  conformation was confirmed by X-ray  (Marquart et al., 
1980) and  NMR (Kessler et  al., 1991). Thus, in immunoglobu- 
lins the  PPII-helices  form  connecting  blocks  for  virtually all 
structural  domains. 

Although  the 23 structures  from 3 protein families we have 
examined  represent a  relatively small  dataset  compared  to  the 
number  of  available  protein  structures, its size reflects the  ana- 
lytical rather  than  statistical  direction  of  this  work.  The  abun- 
dance  of  PPII  segments in the selected protein  structures allows 
one  to  trace  their  conservation in different  structural envi- 
ronments,  i.e.,  as  the  part  of a supersecondary  element,  as a 
conserved  region in loops,  etc. Because the  conservation of  
PPII-helices  remained  stable, we conclude  that  their  conserva- 
tion  pattern  does  not  depend  on  the  immediate  structural envi- 
ronment  and  the  structural class of a molecule. Further  support 
for these  conclusions is provided  in  subsequent  work (Adzhubei 
et al., in prep.),  where a conserved  PPII-helix was identified in 
the  structure of DNA-binding  a-helical  proteins  from  the  fam- 
ily of HMG-box  domains. 

The  analysis  of  conservation in evolution  and  the  modeling 
results  therefore suggest that  the  PPII-helices belong to struc- 
turally conserved  regions  in proteins  and  should be regarded  as 
such for purposes  of  modeling by homology and  other  structural 
studies.  The results presented  here  also  support  the  importance 
of  the  PPII-helices  as a secondary  structure class that  should be 
accounted  for in any  comprehensive  secondary  structure clas- 
sification  scheme. 
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