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score12:
fa_atr 0.8
fa_rep 0.44
fa_sol 0.65
fa_intra_rep 0.004
fa_pair 0.49
fa_plane 0
fa_dun 0.56
hbond_lr_bb 1.17
hbond_sr_bb 0.585
hbond_bb_sc 1.17
hbond_sc 1.1
p_aa_pp 0.320
rama 0.2
omega 0.5
...

Helix geometry
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• Angular dependence of short-range backbone hydrogen bond
(Helix)

• Ramachandran potential

• Non-polar hydrogen bond
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• Angular dependence of short-range backbone hydrogen bond
(Helix)

• Ramachandran potential

• Non-polar hydrogen bond
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CH Hbond Input
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Full-atom Idealized Coordinates

RES ATOM
1

ATOM
2

ATOM
3

ATOM
4

PDB ICOO
R

diff
ASP OD2 CG CB OD1 180.0 171.4 8.6
GLU OE2 CD CG OE1 180.0 173.9 6.1
ASN 1HB CB CA CG 121.0 132.8 11.8

CYS CB CA N 69.4 77.2 7.8
ASN 2HB CB CA 70.5 86.7 16.2
GLN 2HG CG CB 71.1 85.4 14.3
GLN 1HG CG CB 71.1 57.2 13.9
ARG HE NE CD 62.0 50.4 11.6
ASN 1HB CB CA 70.5 59.2 11.3
ASP 2HB CB CA 70.5 79.9 9.4
LEU 1HB CB CA 71.5 80.6 9.1
TRP HD1 CD1 CG 55.1 63.1 8.0
HIS HD2 CD2 NE2 53.6 59.9 6.3
GLU 2HG CG CB 71.1 76.4 5.3
HIS HE1 CE1 ND1 54.2 59.4 5.224
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ABSTRACT We describe the development of a
scoring function based on the decomposition
P(structure 0sequence) ! P(sequence 0structure)
*P(structure), which outperforms previous scoring
functions in correctly identifying native-like pro-
tein structures in large ensembles of compact de-
coys. The first term captures sequence-dependent
features of protein structures, such as the burial of
hydrophobic residues in the core, the second term,
universal sequence-independent features, such as
the assembly of !-strands into !-sheets. The effica-
cies of a wide variety of sequence-dependent and
sequence-independent features of protein struc-
tures for recognizing native-like structures were
systematically evaluatedusing ensembles ofD30,000
compact conformations with fixed secondary struc-
ture for each of 17 small protein domains. The best
results were obtained using a core scoring function
with P(sequence 0structure) parameterized simi-
larly to our previous work (Simons et al., J Mol Biol
1997;268:209–225] and P(structure) focused on sec-
ondary structure packing preferences; while sev-
eral additional features had some discriminatory
power on their own, they did not provide any addi-
tional discriminatory power when combined with
the core scoring function. Our results, on both the
training set and the independent decoy set of Park
and Levitt (J Mol Biol 1996;258:367–392), suggest
that this scoring function should contribute to the
prediction of tertiary structure from knowledge of
sequence and secondary structure. Proteins
1999;34:82–95. ! 1999Wiley-Liss, Inc.

Key words: protein folding; structure prediction;
knowledge-based scoring functions; fold
recognition

INTRODUCTION

A scoring function capable of distinguishing native-like
conformations (similar but not identical to the native
structure) from non-native conformations for a given se-
quence is critical for protein structure prediction because
it is unlikely that any method of generating structures will
exactly reproduce the native structure. This paper is
focused on the problem of distinguishing native-like struc-
tures from non-native structures, where native-like refers

to conformations less than 4 Å rmsd (root mean squared
deviation of C" coordinates) from the native structure.
A wide variety of scoring/energy functions have been

developed over the past decade.1–10 To provide a testing
ground for evaluating the ability of different scoring
functions to recognize native-like structures, Park and
Levitt11 generated very large numbers of compact, self
avoiding conformations with native secondary structure
for eight small protein domains. Using this decoy set, a
variety of scoring functions were tested.7,11 For several of
the functions, the best scoring native-like structures were
in the top 100 of the !200,000 decoy structures for each
sequence (typically 100 structures were native-like for
each sequence), but the scores were not consistent enough
to permit unambiguous identification of the correct fold.

We recently described a new scoring function derived
from the structure database using Bayes’ theorem.12 In ab
initio folding simulations some success was obtained with
"-helical proteins, but the scoring function was clearly
insufficient for proteins with #-sheets. In this report, we
further develop the scoring function by evaluating the
effectiveness of descriptions of different sequence-depen-
dent and sequence-independent features of proteins in
recognizing native-like structures in large decoy sets of
compact conformations generated in our laboratory. The
most important new additions are terms that describe the
packing of #-strands in #-sheets. We rigorously evaluate
the performance of the final scoring function on the
independent decoy sets of Park and Levitt,11 herein re-
ferred to as the PL test set. It is important to note that
these decoy sets were not used before the final testing.

METHODS
Development of Scoring Function

The scoring method in this report is a substantial
refinement of the one used by Simons et al.12 As in that
report, the scoring function is based on a model for the
probability of the structure being the native structure,
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U.S. Public Health Service National Research Service Award (Na-
tional Institute of General Medical Sciences); Grant number: T3-
GM07270.

*Correspondence to: David Baker, University of Washington, Se-
attle, WA 98195. E-mail: baker@ben.bchem.washington.edu

Received 28April 1998; Accepted 17August 1998

PROTEINS: Structure, Function, and Genetics 34:82–95 (1999)

! 1999 WILEY-LISS, INC.

!"#$% &'( )*+&, #' !!!-)*++%$ &'( !!!-.#//0'$

10$20 34 50 &'( 6&78 94 :4 ;7,<#=

!"#$#%$#&' #" (#)*)+',-+%.
/$.-,$-.' 0!(#/12 /,3))+ )4
5367#,72 8"#&'.7#$6 )4 9':
/)-$3 ;%+'72 /6<"'6
=>?=2 @-7$.%+#%

!"# $%&'(%'&#$ )* %"# !+$"##%$ ,-. %"# !+&/00)-$ ",1# 0##- ,-,23$#.
'$/-4 "/4"+&#$)2'%/)- 5&)%#/- $%&'(%'&# .,%,6 73$%#8,%/( ,$388#%&/#$
8#,$'&#. /- 0)%" 5,&,22#2 ,-. ,-%/5,&,22#2 !+$%&'(%'&#$ /-(2'.# %"# $"##%
%9/$% ,-. %"# $%&,-. $"#,&6 :- )&.#& %) .#%#&8/-# %"# )&/4/- )* %"#$#
,$388#%&/#$; -'8#&)'$ /-%#&,(%/)-$ ,-. ()&&#2,%/)-$ 9#&# #<,8/-#.6 !"#
$%&)-4#$% ()&&#2,%/)-$ ,&# )0$#&1#. *)& &#$/.'#$ /- ,-%/5,&,22#2 !+$"##%$
,-. !+&/00)-$ %",% *)&8 -)-+=+0)-.#. 5,/&$6 >)& %"#$# &#$/.'#$; %"#
$"##% %9/$% /$ ()&&#2,%#. %) %"# 0,(?0)-# " ,-42# 0'% -)% %) %"# # ,-42#6
@'& ,-,23$/$ $'55)&%$ %"# #</$%#-(# )* ,- /-%#&+$%&,-. A$=$ ! ! !@ 9#,?
=+0)-.; 9"/("; %)4#%"#& 9/%" %"# A@ ! ! !=B =+0)-.; ()-$%/%'%#$ , 0/*'&+
(,%#. =+0)-. %",% 2/-?$ -#/4"0)'&/-4 !+$%&,-.$6 C#$/.'#$ )* !+$"##%$ ,-.
!+&/00)-$ /- "/4"+&#$)2'%/)- 5&)%#/- $%&'(%'&#$ *)&8 , ./$%/-(% &#4/)- )*
%"# C,8,(",-.&,- 52)%; 9"/(" /$ .#%#&8/-#. 03 %"# *)&8,%/)- )* %"#
0/*'&(,%#. =+0)-.; %"# *)&8,%/)- )* ,- /-%&,+$%&,-. @ ! ! !=$ -)-+0)-.#.
5)2,& /-%#&,(%/)-; ,-. ,- /-%&,+$%&,-. @ ! ! !A! $%#&/( (2,$"6 D$/-4 !+$%&,-.$
5,&,8#%#&/$#. 03 "+# 1,2'#$ *&)8 %"# ,22)9#. !+$"##% &#4/)- )* %"#
C,8,(",-.&,- 52)%; %"# $"#,& ,-. %"# &/4"%+",-. %9/$% (,- 0# &#5&)+
.'(#. /- , $/852# 8).#2 )* %"# ,-%/5,&,22#2 ,-. 5,&,22#2 !+&/00)- %",%
8).#2$ %"# 0/*'&(,%#. =+0)-.$ $5#(/E(,2236 !"# ()-*)&8,%/)-$ )* /-%#&/)&
&#$/.'#$ )* !+$"##%$ ,&# $")9- %) 0# $'0$#%$ )* %"# ()-*)&8,%/)-$ )* &#$/+
.'#$ )* !+&/00)-$6

! FGGF H2$#1/#& 7(/#-(# I%.6

A'6:).<7B !+$"##%J %9/$%J $"#,&J 0/*'&(,%#. "3.&)4#- 0)-.J C,8,(",-.&,-
52)%CD)..'7E)"<#"F %-$3).

>'%,0(72%#0'

!"# $%&'(%'&# )* %"# !+$"##% 9,$ 5&#./(%#. 03
I/-'$ K,'2/-4L /- LMNL 03 ()-$/.#&/-4 52,-,& 5#5+
%/.# '-/%$; $%#&/( (2,$"#$ ,-. A@ ! ! !=B =+0)-.$6
O2%")'4" %"# K,'2/-4 !+$"##% /$ ,(('&,%# /- 8,-3
&#$5#(%$; $#1#&,2 $%&'(%'&,2 5&)5#&%/#$ ",1# 0##-
)0$#&1#. %",% ,&# -)% *)'-. /- %"# K,'2/-4 !+$"##%P
%"# $"#,&; %"# &/4"%+",-. %9/$% ,-. %"# A$=$ ! ! !@
9#,? =+0)-.$6
K,'2/-4 ,$$'8#. %",% /- %"# ,-%/5,&,22#2 !+$"##%;

2/-#,& A@ ! ! !B= =+0)-.$ *)&8 0#%9##- %"#
$%&,-.$; 9"/(" ,2/4-$ -#/4"0)'&/-4 $%&,-.$
Q>/4'&# LQ,RR6 =)9#1#&; /- LMST; >&,$#& U V,(C,#F

*)'-. %",% /- ,(%',2 ,-%/5,&,22#2 !+$"##%$ %"#
$%&,-.$ ",1# $2/55#. ,2)-4 %"# B %) A+%#&8/-,2
0,(?0)-# ./&#(%/)- 9/%" &#$5#(% %) -#/4"0)'&/-4
$%&,-.$ Q>/4'&# LQ0RR6T;W X# (,22 %"/$ 5&)5#&%3 %"#
$"#,& )* %"# ,-%/5,&,22#2 !+$"##%6 !"# $"#,&/-4 /-

,-%/5,&,22#2 !+$"##%$ ",$ 0##- $")9-W %) 5&).'(#
-)-+2/-#,& A@ ! ! !=B =+0)-.$6N;Y
C,8,(",-.&,- $")9#. %",% /-%&,+$%&,-. $%#&/(

(2,$"#$S &#$'2% /- ,22)9#. &#4/)-$ )* %"# "+# 52)%
Q>/4'&# FQ,RR; 9"/(" (,- 0# ,(()'-%#. *)& ,(('+
&,%#23 '$/-4 I#--,&.+Z)-#$ 5)%#-%/,2$ ,-. #2#(%&)+
$%,%/($6[ =)9#1#&; %"# &#4/)- )* %"# "+# 52)%
()-%,/-/-4 &#$/.'#$ /- !+$"##%$ Q>/4'&# FQ,RR; ,$
.#E-#. 03 =+0)-.$;M /$ $/4-/E(,-%23 $8,22#& %",-
%"# %&,./%/)-,2 !+&#4/)- )* %"# C,8,(",-.&,- 52)%
)* ,22 &#$/.'#$6LG

O2%")'4" %"# ()-(#5% )* %"# A= ! ! !@ 9#,?
=+0)-. ",$ 0##- ,&)'-. *)& $)8# %/8#;LL %"#
#</$%#-(# )* %"# A= ! ! !@ 9#,? =+0)-. 9,$ -)%
.#8)-$%&,%#. '-%/2 !,32)& U \#--,&.LF #<",'$+
%/1#23 ,-,23$#. A= ! ! !@ ()-%,(%$ /- $%&'(%'&#$ )*
)&4,-/( 8)2#('2#$ %",% ",. 0##- .#%#&8/-#. 03
-#'%&)- ./**&,(%/)-6 7'0$#]'#-%23; ^#&#9#-., ,-.
()+9)&?#&$LT #<,8/-#. %"# A= ! ! !@ ()-%,(% /-
"/4"+&#$)2'%/)- 5&)%#/- $%&'(%'&#$ ,-. *)'-. $3$+
%#8,%/( A$=$ ! ! !@ =+0)-.$ /- 0)%" 5,&,22#2 ,-.
,-%/5,&,22#2 !+$"##%$6
>/&$% )0$#&1#. 03 A")%"/,LW /- LMST; )-# )* %"#

8)$% $%&/?/-4 5&)5#&%/#$ )* !+$"##%$ /$ %"# 5&#.)8/+
H+8,/2 ,..&#$$ )* %"# ()&&#$5)-./-4 ,'%")&P

56('&8/_'-$96#.'6,'

O00&#1/,%/)-$ '$#.P = 0)-.; "3.&)4#- 0)-.J ()&&+;
()&&#2,%/)- ()#*E(/#-%6

!"#$%&'%&&()*+,#'-&&%'./0. 121#31,34 "53#54 16 7668$))999'#!413#,:1:;'<"+ "5 !" #$%" &'$%" =-&&-> ?@A? -@%A/&0

GGFF+F[TY`GF`GFGFMLaL[ bTN6GG`G ! FGGF H2$#1/#& 7(/#-(# I%.6

1. Hydrogen bond between HN and O
2. Weak hydrogen bond between HA and O
3. Backbone Φ-Ψ

27



Improved Recognition of Native-Like Protein Structures
Using a Combination of Sequence-Dependent and
Sequence-Independent Features of Proteins
Kim T. Simons,1 Ingo Ruczinski,2 Charles Kooperberg,3 BrianA. Fox,1 Chris Bystroff,1 and David Baker1*
1Department of Biochemistry, University of Washington, Seattle, Washington
2Department of Statistics, University of Washington, Seattle, Washington
3Division of Public Health Sciences, Fred Hutchinson Cancer Research Center, Seattle, Washington

ABSTRACT We describe the development of a
scoring function based on the decomposition
P(structure 0sequence) ! P(sequence 0structure)
*P(structure), which outperforms previous scoring
functions in correctly identifying native-like pro-
tein structures in large ensembles of compact de-
coys. The first term captures sequence-dependent
features of protein structures, such as the burial of
hydrophobic residues in the core, the second term,
universal sequence-independent features, such as
the assembly of !-strands into !-sheets. The effica-
cies of a wide variety of sequence-dependent and
sequence-independent features of protein struc-
tures for recognizing native-like structures were
systematically evaluatedusing ensembles ofD30,000
compact conformations with fixed secondary struc-
ture for each of 17 small protein domains. The best
results were obtained using a core scoring function
with P(sequence 0structure) parameterized simi-
larly to our previous work (Simons et al., J Mol Biol
1997;268:209–225] and P(structure) focused on sec-
ondary structure packing preferences; while sev-
eral additional features had some discriminatory
power on their own, they did not provide any addi-
tional discriminatory power when combined with
the core scoring function. Our results, on both the
training set and the independent decoy set of Park
and Levitt (J Mol Biol 1996;258:367–392), suggest
that this scoring function should contribute to the
prediction of tertiary structure from knowledge of
sequence and secondary structure. Proteins
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INTRODUCTION

A scoring function capable of distinguishing native-like
conformations (similar but not identical to the native
structure) from non-native conformations for a given se-
quence is critical for protein structure prediction because
it is unlikely that any method of generating structures will
exactly reproduce the native structure. This paper is
focused on the problem of distinguishing native-like struc-
tures from non-native structures, where native-like refers

to conformations less than 4 Å rmsd (root mean squared
deviation of C" coordinates) from the native structure.
A wide variety of scoring/energy functions have been

developed over the past decade.1–10 To provide a testing
ground for evaluating the ability of different scoring
functions to recognize native-like structures, Park and
Levitt11 generated very large numbers of compact, self
avoiding conformations with native secondary structure
for eight small protein domains. Using this decoy set, a
variety of scoring functions were tested.7,11 For several of
the functions, the best scoring native-like structures were
in the top 100 of the !200,000 decoy structures for each
sequence (typically 100 structures were native-like for
each sequence), but the scores were not consistent enough
to permit unambiguous identification of the correct fold.

We recently described a new scoring function derived
from the structure database using Bayes’ theorem.12 In ab
initio folding simulations some success was obtained with
"-helical proteins, but the scoring function was clearly
insufficient for proteins with #-sheets. In this report, we
further develop the scoring function by evaluating the
effectiveness of descriptions of different sequence-depen-
dent and sequence-independent features of proteins in
recognizing native-like structures in large decoy sets of
compact conformations generated in our laboratory. The
most important new additions are terms that describe the
packing of #-strands in #-sheets. We rigorously evaluate
the performance of the final scoring function on the
independent decoy sets of Park and Levitt,11 herein re-
ferred to as the PL test set. It is important to note that
these decoy sets were not used before the final testing.

METHODS
Development of Scoring Function

The scoring method in this report is a substantial
refinement of the one used by Simons et al.12 As in that
report, the scoring function is based on a model for the
probability of the structure being the native structure,
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ABSTRACT We describe the development of a
scoring function based on the decomposition
P(structure 0sequence) ! P(sequence 0structure)
*P(structure), which outperforms previous scoring
functions in correctly identifying native-like pro-
tein structures in large ensembles of compact de-
coys. The first term captures sequence-dependent
features of protein structures, such as the burial of
hydrophobic residues in the core, the second term,
universal sequence-independent features, such as
the assembly of !-strands into !-sheets. The effica-
cies of a wide variety of sequence-dependent and
sequence-independent features of protein struc-
tures for recognizing native-like structures were
systematically evaluatedusing ensembles ofD30,000
compact conformations with fixed secondary struc-
ture for each of 17 small protein domains. The best
results were obtained using a core scoring function
with P(sequence 0structure) parameterized simi-
larly to our previous work (Simons et al., J Mol Biol
1997;268:209–225] and P(structure) focused on sec-
ondary structure packing preferences; while sev-
eral additional features had some discriminatory
power on their own, they did not provide any addi-
tional discriminatory power when combined with
the core scoring function. Our results, on both the
training set and the independent decoy set of Park
and Levitt (J Mol Biol 1996;258:367–392), suggest
that this scoring function should contribute to the
prediction of tertiary structure from knowledge of
sequence and secondary structure. Proteins
1999;34:82–95. ! 1999Wiley-Liss, Inc.
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INTRODUCTION

A scoring function capable of distinguishing native-like
conformations (similar but not identical to the native
structure) from non-native conformations for a given se-
quence is critical for protein structure prediction because
it is unlikely that any method of generating structures will
exactly reproduce the native structure. This paper is
focused on the problem of distinguishing native-like struc-
tures from non-native structures, where native-like refers

to conformations less than 4 Å rmsd (root mean squared
deviation of C" coordinates) from the native structure.
A wide variety of scoring/energy functions have been

developed over the past decade.1–10 To provide a testing
ground for evaluating the ability of different scoring
functions to recognize native-like structures, Park and
Levitt11 generated very large numbers of compact, self
avoiding conformations with native secondary structure
for eight small protein domains. Using this decoy set, a
variety of scoring functions were tested.7,11 For several of
the functions, the best scoring native-like structures were
in the top 100 of the !200,000 decoy structures for each
sequence (typically 100 structures were native-like for
each sequence), but the scores were not consistent enough
to permit unambiguous identification of the correct fold.

We recently described a new scoring function derived
from the structure database using Bayes’ theorem.12 In ab
initio folding simulations some success was obtained with
"-helical proteins, but the scoring function was clearly
insufficient for proteins with #-sheets. In this report, we
further develop the scoring function by evaluating the
effectiveness of descriptions of different sequence-depen-
dent and sequence-independent features of proteins in
recognizing native-like structures in large decoy sets of
compact conformations generated in our laboratory. The
most important new additions are terms that describe the
packing of #-strands in #-sheets. We rigorously evaluate
the performance of the final scoring function on the
independent decoy sets of Park and Levitt,11 herein re-
ferred to as the PL test set. It is important to note that
these decoy sets were not used before the final testing.

METHODS
Development of Scoring Function

The scoring method in this report is a substantial
refinement of the one used by Simons et al.12 As in that
report, the scoring function is based on a model for the
probability of the structure being the native structure,
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ABSTRACT We describe the development of a
scoring function based on the decomposition
P(structure 0sequence) ! P(sequence 0structure)
*P(structure), which outperforms previous scoring
functions in correctly identifying native-like pro-
tein structures in large ensembles of compact de-
coys. The first term captures sequence-dependent
features of protein structures, such as the burial of
hydrophobic residues in the core, the second term,
universal sequence-independent features, such as
the assembly of !-strands into !-sheets. The effica-
cies of a wide variety of sequence-dependent and
sequence-independent features of protein struc-
tures for recognizing native-like structures were
systematically evaluatedusing ensembles ofD30,000
compact conformations with fixed secondary struc-
ture for each of 17 small protein domains. The best
results were obtained using a core scoring function
with P(sequence 0structure) parameterized simi-
larly to our previous work (Simons et al., J Mol Biol
1997;268:209–225] and P(structure) focused on sec-
ondary structure packing preferences; while sev-
eral additional features had some discriminatory
power on their own, they did not provide any addi-
tional discriminatory power when combined with
the core scoring function. Our results, on both the
training set and the independent decoy set of Park
and Levitt (J Mol Biol 1996;258:367–392), suggest
that this scoring function should contribute to the
prediction of tertiary structure from knowledge of
sequence and secondary structure. Proteins
1999;34:82–95. ! 1999Wiley-Liss, Inc.
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INTRODUCTION

A scoring function capable of distinguishing native-like
conformations (similar but not identical to the native
structure) from non-native conformations for a given se-
quence is critical for protein structure prediction because
it is unlikely that any method of generating structures will
exactly reproduce the native structure. This paper is
focused on the problem of distinguishing native-like struc-
tures from non-native structures, where native-like refers

to conformations less than 4 Å rmsd (root mean squared
deviation of C" coordinates) from the native structure.
A wide variety of scoring/energy functions have been

developed over the past decade.1–10 To provide a testing
ground for evaluating the ability of different scoring
functions to recognize native-like structures, Park and
Levitt11 generated very large numbers of compact, self
avoiding conformations with native secondary structure
for eight small protein domains. Using this decoy set, a
variety of scoring functions were tested.7,11 For several of
the functions, the best scoring native-like structures were
in the top 100 of the !200,000 decoy structures for each
sequence (typically 100 structures were native-like for
each sequence), but the scores were not consistent enough
to permit unambiguous identification of the correct fold.

We recently described a new scoring function derived
from the structure database using Bayes’ theorem.12 In ab
initio folding simulations some success was obtained with
"-helical proteins, but the scoring function was clearly
insufficient for proteins with #-sheets. In this report, we
further develop the scoring function by evaluating the
effectiveness of descriptions of different sequence-depen-
dent and sequence-independent features of proteins in
recognizing native-like structures in large decoy sets of
compact conformations generated in our laboratory. The
most important new additions are terms that describe the
packing of #-strands in #-sheets. We rigorously evaluate
the performance of the final scoring function on the
independent decoy sets of Park and Levitt,11 herein re-
ferred to as the PL test set. It is important to note that
these decoy sets were not used before the final testing.

METHODS
Development of Scoring Function

The scoring method in this report is a substantial
refinement of the one used by Simons et al.12 As in that
report, the scoring function is based on a model for the
probability of the structure being the native structure,
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1. Hydrogen bond between HN and O
2. Weak hydrogen bond between HA and O
3. Backbone Φ-Ψ
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