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ABSTRACT

Backbone torsion angles ¢, w of a vast majority of nonglycine residues in proteins lay within the
peculiar insulated regions in the (¢4, ) space assigned to the conformations allowed for nonglycine
residues that embrace the conformations with negative and positive values of ¢ separately.
Emphasizing this feature here, the abilities of nonglycine residues to access and reside in the
allowed conformations with negative and positive value of angle ¢ evaluated from the alanine
dipeptide U(¢ w) potential energy surface map computations. Established that for nonglycine
residues the lowest energy conformation with negative value of ¢ is noticeably favorable than that
with positive ¢ and these conformations are separated by unusually higher activation barrier. The
occurrences of the residues in the conformations with negative and positive ¢ in a large set of high
resolution structures from the Protein Data Bank also investigated. Taken together, the results
suggested that nonglycine residues in proteins should most likely have an allowed conformation with
negative value of angle ¢ . Residues with positive ¢ angle are considered as outliers with a dubious
conformation and should be inspected thoroughly for coordinate errors.
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1. INTRODUCTION

The knowledge of the accurate atomic
coordinates, three-dimensional (3D) structure is
essential for elucidating the function and
interaction of proteins, definition of propensities
of the individual common residues for secondary
structure, dissection and assignment of
secondary structure elements, for elaboration of
effective predictive methods for the secondary
and tertiary structures from the known amino
acid sequence and validation tools based on the
statistical techniques, and for comparative
modeling of protein structures. The most
powerful tool for determination of the 3D
structure of proteins is X-ray crystallography.
Qualitative high-resolution X-ray diffraction data
from a protein crystal contain necessary
information on the structure of the protein.
Exploring the exact atomic coordinates from
these data properly is not however an easy
routine; introducing errors into the 3D structure
model is almost unavoidable at almost all the
stages of structure solution (determination of
phases, interpretation of electron density map,
fitting and building a ftrial structure model,
rebuilding and refining the final model) [1-4]. As a
result, serious errors will be present in a protein
structure even carefully solved at an ultrahigh
resolution [5-12].

Atomic coordinates define unambiguously the
conformation of protein, characterized by a set of
values of torsion angles ¢, v and o of the
backbone and ; of the side chain of consecutive
residues of the polypeptide chain (Fig. 1a). In the
approximation of all frans-peptide bonds, the
backbone conformation can be described by
angles ¢, and y for the rotations about the NC
and CC bonds. In a well-determined at a high or
better (< 2 A) resolution protein structure, the
valence bonds and angles of the polypeptide are
tightly adjusted to the accepted standard values
and no objectionable nonbonded interatomic
distances are present. The angles (¢,y) for a
vast majority of nonglycine residues lay within
the allowed regions of the alanine dipeptide
classic U(¢, ) conformational, potential energy
surface (PES) map [13-16], the Ramachandran
map (Fig. 1b). Residues with the (¢,1) values
from the disallowed region are specified as
outliers, which is believed to be a result of errors
upon structure solution or it may represent an
unusual feature of the structure [14,17].
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Fig. 1. Schemes of alanine dipeptide and its
classic U (¢, ) map
(a) The simplest alanine dipeptide, N-formyl-alanyl-
amide (H—-CONH-CH(CH3)-CONH-H), with backbone

atoms, valence bonds and torsion angles ¢, v and o

labeled. (b) Alanine dipeptide classic U (¢, y)
conformational energy map showing the allowed

regions limited by closed solid curves defined using

the lowest limits of the nonbonded interatomic
distances (adapted from [15])

Revision of the distribution of (¢,y) angles, the
Ramachandran plot, has been an essential
approach to assess the intrinsic quality and to
judge the stereochemical and overall correctness
of the protein model during a quarter of a
century. The ‘¢, y~criteria based’ most popular
tools PROCHECK [17-19], ‘O’ [10,20], and
MolProbity [21-23] were devised and have been
routinely used in protein structure improvements.
Each tool specified the peculiar clearly
demarcated regions of the conformations on the
(4,v) plane, the reference Ramachandran plot,
allowed for nonglycine residues in proteins
determined from the assiduous statistical
analysis of a large set of high—resolution protein
structures from the Protein Data Bank (PDB)
[24,25]. PROCHECK discerned three types of
the allowed regions (Fig. 2a), ‘O’ specified a
single type of the allowed regions (Fig. 2b),
MolProbity distinguishes Pro, pre—Pro and the
rest general case of nonglycine residues and
assigned to each category two types of the
allowed regions (Fig. 2c).

Deviation of the Ramachandran plot of a protein
from the reference Ramachandran plot can be
used to assess the stereochemical quality of this
structure and identify local main-chain
inaccuracies. In this manner, nonglycine residues
from the outside of the reference plot are
considered as outliers with a dubious
conformation. Nevertheless, the fact “However,
these statistical techniques use a database of
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Fig. 2. Allowed regions of (¢, ) chart for nonglycine residues suggested by the popular protein
structure quality assessment tools limited by closed solid curves
(a) Allowed regions by ProCheck labeled: 1, most favored; 2, additionally allowed; 3, generously allowed
(adapted from [18]). (b) Allowed regions by ‘O’ (adapted from [20]). (c) Allowed regions by MolProbity: 1, favored;
2, allowed (for non Pro or pre-Pro residues; adapted from [23])

known structures, and the quality of the
distributions is dependent on the quality of these
known structures” [19] is well known. A more
exact reference Ramachandran plot, defined
from a duly objective statistical analysis of the
richest database of best quality protein structures
from the PDB, is believed to be required for
further improvements of protein structure models
[10,17-21], and such studies have been in
progress [21-23,26-30].

A pronounced common feature of the area for
allowed conformations for nonglycine residues of
both classic Ramachandran map and the
reference Ramachandran plots is plainly visible
from Figs. 1b and 2 that it consists of the entirely
insulated regions embracing the conformations
with negative and positive values of torsion angle
¢ separately. With account of this feature in this
study, the probability of nonglycine residues both
to get and reside in, ie. the rate and the
equilibrium constants of the allowed
conformations with negative and positive values
of angle ¢ are estimated from the computation of
alanine dipeptide (¢,) conformational energy,
U(¢, ) PES map. Inasmuch as alanine dipeptide
is believed to represent conformational attributes
of nonglycine and nonproline residues in a
polypeptide chain quite satisfactorily; the main
task is to assess the potential energy reasonably
[13-16,31,32]. Occurrences of nonglycine
residues in conformations with negative and
positive values of ¢ in a large set of < 2 A
resolution protein structures from the PDB are
also analyzed. It is proposed that nonglycine
residues in a native protein spatial structure
should most likely have an allowed conformation
with a negative value of backbone torsion angle
¢. Residues with positive ¢ are suggested as
outliers with a dubious conformation and should

be reviewed thoroughly for the reliability of the
backbone atomic coordinates.

2. MATERIALS AND METHODS

2.1 Estimation of the Conformational
Energy

Alanine dipeptide was modeled as N-formyl-
alanyl-amide (Fig. 1a) using the standard bond
lengths and angles given in [33]. The U(4, ) PES
map was computed at 10 intervals over the ¢
and y torsion angles from -180 to 180. The
potential energy was estimated by using the
semi-empirical Bond-Bond Interactions (BBI)
method [34,35]. The method is reliable enough,
as it quite satisfactorily reproduces the available
experimental or ab initio quantum-chemical data
on the conformations, internal rotational barriers,
and dipole moments of a wide range of organic
molecules, the preferred structure, stable
configurations, interaction energies, and dipole
moments of dimers and complexes of such
molecules. The method reproduces quite well
also the U(¢, ) maps of dipeptides obtained by
the ab initio quantum-mechanical methods
available in the literature. More results of the
related computations and additional references
to the BBI method can be found in [35,36].

2.2 Database, Dataset and Data Analysis

From the PDB [24,25], the data on a set of
protein structure models including the 195 high <
2.0 A resolution ‘old’, deposited in the PDB by
1992 structures and 130 ultrahigh < 1.0 A
resolution largely nonhomologous protein
structures deposited in the PDB by 2012 were
selected arbitrary for the analyses. The
backbone and side-chains bond lengths and



bond and torsion angles of amino acid residues
in the selected structures were calculated from
atomic  coordinates. The conformity  of
nonbonded interatomic distances to the accepted
lowest limits given in [14] and bond lengths and
angles to the standard values given in [33] were
verified.

For 195 high resolution ‘old’ structures, the
identity and homology between the proteins were
clarified. The signs of backbone torsion angle ¢
of the same and equivalent residues in the
different structure models of the same and
homologous proteins were compared. Based on
the results, the highest resolution 52 largely non-
homologous protein structures were picked out.
These and the selected 130 ultrahigh-resolution
structures were used in the final analysis. In this
set of 182 structures, for the oligomeric proteins
with identical subunits the data on one subunit
were involved. It was the first subunit if the same
or no nonglycine residues were with positive
value of ¢ angle in the subunits and otherwise (a
few cases) the subunit with the least number of
nonglycine residues with positive value of ¢. The
Ramachandran plots of nonglycine residues in
every structure and of the total and individual
common nonglycine residues in all structures
were analyzed with rapt attention on the residues
with positive value of torsion angle ¢. Every with
positive ¢ nonglycine residue detected was
inspected also in the other < 2.0 A resolution
structure models of the corresponding protein in
the 2014 release of the PDB if such was
available, to ascertain whether or not this residue
is with negative ¢ there. Thus more than four
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thousand protein  structure models were
analyzed.

Computations, data processing and data
analyses were performed using personal

programs in FORTRAN. The U(¢ w) PES map,
U(¢) curve and (¢, ) distribution were plotted by
SigmaPlot. Rest drawings were designed by
CorelDRAW and Adobe Photoshop.

3. RESULTS AND DISCUSSION

3.1 The Conformational Energy
Estimation Evinces: Backbone
Torsion Angle ¢ of Nonglycine
Residues in Protein Spatial Structure
should have a Negative Value

Fig. 3 shows the alanine dipeptide U(¢, ) PES
map obtained in the computations. In this study,
the conformations of the dipeptide are assigned
with the energy 10 kcal/mol or less as allowed,
20 kcal/mol or less as permissible and above 20
kcal/mol as disallowed. The definitions seem
reasonable enough from several points of view
including the following formals. The regions of
the conformations specified as allowed (Fig. 3b),
the allowed regions, resemble in appearance the
known allowed regions reviewed above (Figs. 1b
and 2) and especially that defined by the
MolProbity. In the area of the conformations
defined as permissible (Fig. 3a) which fits into
the habitually disallowed region, the transition
state saddle points and the kinetic pathways for
the conformational transitions between the
allowed regions can be distinguished.
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Fig. 3. Alanine dipeptide U(4, ) conformational energy map by the BBl method at 10 intervals
The equipotential energy contours are drawn at 2 kcal/mol intervals. The zero, lowest potential energy is

designated by a circle, crosses show the local minima and pluses mark the saddle points. (a) U(¢, ) map with

the potential energy contoured 20 kcal/mol and less showing the permissible region. (b) U(¢#, w) map displaying
the allowed regions, with the potential energy contoured 10 kcal/mol and less



As seen from Fig. 3, the transitions between the
regions of the allowed conformations with
negative and positive values of ¢ is possible over
the axis ¢ = 0°, over the saddle point nearly (0°,
90°), whereas such a transition is virtually
impeded from any other side by an energy
barrier exceeding 20 kcal/mol. Fig. 4 displays the
preferable kinetic path for possible transitions.
The path represents the profile of the lowest
potential energy depending on torsion angle ¢
on the U(¢ w) map, the U(¢) profile plainly. On
the U(¢,w) map, the values of potential energy at
the conformations of the lowest energy in the
allowed region with negative values of ¢ (~-80°,
~80°), local minimum in the allowed region with
positive values of ¢ (~60°, ~50°) and saddle point
between the allowed regions (~0°, ~90°) are of
current interest. They determine the probabilities
of both to acquire and reside, i.e. the rate and
equilibrium constants of the allowed
conformations with negative and positive values
of angle ¢ for alanine residue. The values are
estimated as 0 kcal/mol for the lowest-energy
conformation with negative (¢~ —80), 7.5 kcal/mol
for the local minimum with positive (¢~ 60) and
17.6 kcal/mol for the transition state (¢~ 0°)
(Fig. 4).
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Fig. 4. U(¢) profile of the lowest energy
depending on torsion angle ¢, for alanine
dipeptide
The value U(¢) (kcal/mol) for the given angle ¢;
represents the minimum of the energy in the interval
0° < w < 180° on the U(¢,w) map (Fig. 3a) at fixed ¢;

Previously [36], the average values of the
potential energy at the same extreme
conformations have been estimated for the
individual common residues (with the exception
of proline) as 0 kcal/mol for the lowest-energy, 6
kcal/mol for the local minimum and 16 kcal/mol
for the transition state. Although these values are
somewhat less than for alanine residue but by
the same reason they are more comfortable for
the conformational transitions between the
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allowed conformations with negative and positive
values of ¢ angle. These values of the energy
therefore were used in the following estimations.

The above values of the potential energy and
simple calculations of the rate and equilibrium
constants of the corresponding conformations by
the known formulas K = exp (-H/RT) and ¢ =
7,"K strongly prove that in native protein spatial
structure nonglycine residues should have an
allowed conformation with negative torsion angle
¢ from both kinetic and thermodynamic points of
view. In the formulas, K is the equilibrium
constant, 4H° is the energy difference and 7 is
the rate constant of the transitions of two
conformations 1 and 2, RT = 0.5961 kcal/mol at
27°C and 7, is 107'? s. The estimations are as
follows.

For the transition state and lowest energy
conformations, AH°= 16 kcal/mol as above, K =
4.54*10"" and = 0.454 s. ris the residence time
of the lowest energy conformation, the rate
constant of the transition state or the time
required to transit to the allowed conformations
with positive values of . It should be remembered
here that a polypeptide chain is synthesized in
and starts folding from the same conformation for
all the residues because of the stereospecificity
of the enzymatic reaction in the
peptidyltransferase center of the ribosome. The
angle ¢ for this initial conformation should be
negative as its value is limited in the interval of —
80° to —40° for the proline residue [37,38]. The
right-handed a-helix (~—60°,~50°) most likely
corresponds to this conformation [39,40]. The
value of 0.454 s for r can be compared to the
typical times of the conformational alterations in
organic molecules of 1072 -10" s [41-43] and
for the formations of -helices, -sheets, turns and
compact states in unfolded polypeptide of 107 -
102 s [43-46]. The events listed happen
obviously much faster than 0.454 s, e.g. either
o—helix, p-sheet, turn and compact state has to
be molded in a nascent polypeptide before a
nonglycine residue might transit at the 0.454 s
rate constant from the allowed region with
negative angles ¢ to the region with positive ¢
since the moment when the biosynthesis of the
chain begins.

The above data suggest that the activation
barrier should be noticeably lower than 16
kcal/mol for the conformational transition of a
nonglycine residue to occur from the allowed
region with negative values of ¢ to the region



with positive ¢. This could be preferably attained
at the expense of significant deformations of the
valence angles flanking the NC” bond of the
residue. Such effects may take place in
dipeptides according to the ab initio quantum-
mechanical calculations with optimization of the
geometry [47,48]. In particular, in glycine
dipeptide the lowering of the barrier from 18.7 to
12.3 kcal/mol is achieved at the expense of the
simultaneous widening of the bond angles NC“C
from 110° to 118.5° and CNC* from 123° to 131°
[47]. Though the 12.3 kcal/mol energy is even
high enough for conformational alterations, a
deformation of a backbone valence angle by
about 10° will hardly occur in a highly
constrained and tightly packed unperturbed
polypeptide chain. Such a deformation will be
relaxed and compensated on the adjoining
valence angles first and also will lead to
unexpected closest contacts between the
neighboring nonbonded atoms.

The data and speculations above are related to
the vacuum medium. Many factors will exert
influence on the conformational equilibrium and
reorganizations of molecules in aqueous and
condensed media. Among them are possible
formations of intra- and intermolecular hydrogen
bonds, intermolecular interactions, the effect of
the environment on rotational mobility, steric
hindrances in the limited free space [49]. These
factors will hamper and make even more difficult
the realization of the transition discussed above.

The equilibrium and rate constants also can be
estimated for the conformations of the transition
state and local minimum nevertheless, although
the conformations divided by a high activation
barrier will coexist separately for a long time
independently of the difference in the energies
[50]. For these, AH°= 10 kcal/mol, K = 1.93*10"
and 7= 1.93*10" s. ris the residence time of the
local minimum or the time required to transit from
this minimum backward to the allowed region
with negative values of angle ¢, and it is much
less than 0.454 s required for the transition from
the lowest energy state 2.35*10* times. Hence,
the probability of a nonglycine residue to reside
in an allowed conformation with positive angle is
4.25*107° (1/(2.35*10%). The main deduction
from the above is that nonglycine residues in
protein spatial structure should have an allowed
conformation with negative backbone torsion
angle ¢; it is unlikely for them as to get as well as
reside in a conformation with positive ¢ angle
from both kinetic and thermodynamic points of
view.
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3.2The Crystal Structure Data on
Proteins Evince: Nonglycine
Residues with Positive Torsion Angle
¢ should be distinguished as Outliers

3.2.1 Revision of the conformations of
nonglycine residues in the ‘old’ protein
structures

For the high resolution 195 ‘old’, deposited in the
PDB by 1992 protein structure models, revisions
of the signs of the backbone torsion angles ¢ of
the equivalent residues made proven the
following general inferences (the PDB codes of
structures and the results can be found in
Appendix).

The sign of the backbone torsion angle ¢ of
nonglycine residues in the structure models of a
protein does not change with changes of the
functional state of protein and medium (binding
of a ligand or inhibitor, mutation, crystallization
conditions, crystalline medium, crystalline form,
etc.).

The torsion angles ¢ of the same, equivalent or
homologous nonglycine residues have the same
sign in the structure of identical subunits of
oligomeric proteins and of the same protein of
different origins.

The number of nonglycine residues with positive
¢ decreases with the improvement of the
resolution and the quality of determination and
refinement of the protein structure.

A relatively large amount of nonglycine residues
with positive ¢ in the protein structure may be a
simple indicator of local inaccuracies such as
abnormally short distances between the
nonbonded atoms, unusual valence bond lengths
and bond angles and poor stereochemistry.

3.2.2 A review of the conformations of
nonglycine residues in the highest

resolution protein structures

The PDB codes of 182 highest resolution protein
structures analyzed and the results on the
occurrences of nonglycine residues in
conformations with positive backbone angle ¢ in
these structures can be found in Appendix in
Table 1. According to the results, nonglycine
residues with positive ¢ are lacking in 16 of 182
structures and such residues make less than 2%
of nonglycine residues in other 59 structures. In
all 182 structures, 28287 non-terminal nonglycine



residues are counted; 716 of these (2.5%) with
positive ¢ are registered. Fractions with positive ¢
were analyzed for the individual common
residues. Table 1 presents the results, which
also lists nonglycine residues with positive ¢ that
have either nontypical molecular geometry or
stereochemical parameters or negative value of
¢ in some other structure model of the
corresponding same proteins.

The revisions disclosed that of 716 with positive
¢ nonglycine residues present in all structures,
41 (5.7 %) have either nontypical bond lengths or
bond angles or unexpected values for ¢, w or
torsion angles. Other 113 residues (15.6%) had
the conformation with a negative ¢ angle in some
another < 2.0 A resolution structure model of the
corresponding proteins. It will be justified to
exclude these both types 154 residues from the
statistics. The portion of nonglycine residues with
positive ¢ constituted in all structures on average
less of 2%. With positive ¢ registered no Pro
residues, 4 Val residues of 2219 (0.2%), 4 lle of
1594 (0.3%), 7 Thr of 1994 (0.3%), 18 Leu of
2362 (0.8%), and 5 Trp of 466 (1.1%) residues
(Table 1). An identification of these residues is
given in Table 2. For the other individual
common residues, the fraction with positive ¢
obtained for His 4.3%, for Asp 4.8%, for Asn
13.1%, and for rest ten type common residues
from 1.3 to 2.3% (visually, in Appendix Fig. 1
displays the Ramachandran plots of the total
nonglycine residues, His, Asp and Asn and the
rest 16 type nonglycine residues).

It has been shown in this study that for
nonglycine residues, the lowest energy
conformation with negative value of backbone
torsion angle ¢ is favorable than that with positive
by about 6 kcal/mol and these conformations are
separated by nearly 16 kcal/mol, i.e. almost
comparable to the peptide bonds trans-to-cis
transition barrier of around 18 kcal/mol, activation
barrier. From these, the probability of 4.25*107°
to reside and the rate constant of 0.454 s to
transit to the conformations with positive ¢ are
estimated. The data, also the consideration of
the biogenesis of proteins and typical times of
107 - 107 s for the formation of secondary
structure and compact states in polypeptides,
evince that it is unlikely for nonglycine residues
both to get and to reside in a conformation with
positive ¢ from both kinetic and thermodynamic
points of view. Therefore, nonglycine residues in
protein spatial structure should most likely have
an allowed conformation with a negative value of

Basharov; ARRB, 17(2): 1-17, 2017; Article no.ARRB.36163

backbone torsion angle ¢. The deduction is the
main fundamental result of this study.

The deduction made is believed to be supported
by the crystal structure data on proteins. Above
all, it explains rationally the common
observations of only rare occurrence of
nonglycine residues in conformations with
positive torsion angle ¢ in protein crystal
structures. The current analysis of the highest
resolution 182 largely nonhomologous protein
structures has detected on average 2% with
positive ¢ of the total nonglycine residues. The
same result obtained also in other studies
[28,51]. The statistics persuades to that a
conformation with positive value of angle ¢ is
certainly unique and exceptional for nonglycine
residues in proteins. Moreover, such a
conformation may be outlier, taking into account
that the procedures of protein structure
determination (phase determination, electron
density map interpretation, fitting a model in map,
rebuilding and refining the model) are to some
extent subjective [1-3]. In addition, it has been
revealed in this study that the relatively large
amount of nonglycine residues with positive
value of ¢ will be a simple indicator of the lack of
accuracy in the protein structure model. It should
be also remembered that the residues with
positive ¢ in protein structures are usually
observed in the reverse turns on the exteriors
of the globule and hence their coordinates may
be determined not accurate enough. Thus
nonglycine residues with positive angle ¢ in
protein structure may be supposed as outliers
having a dubious conformation to be a result of
errors introduced upon structure solution.

This study puts forward the throughout
reinvestigations of protein structures for
coordinate errors in the segments including
nonglycine residues with positive ¢ angle (at
least of the backbone atoms producing the angle
#). With account that in the structures analyzed
here with positive detected only 0.2% of Val,
0.3% of lle, 0.3% of Thr, 0.8% of Leu, and 1.1%
of Trp residues compared to the other type
residues (Table 1), reinvestigations of these
residues (listed in Table 2) might be of top-
priority. A relatively great fraction residues with
positive ¢ were detected for His (4.3%), Asp
(4.8%) and Asn (13.1%), while. In this regard, a
distinctive feature of these residues may be
emphasized that their side chain has a
conjugative-bounded heteroatom in & position
(O° — Asp and Asn and N°(H) — His).
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Table 1. Fractions of the individual common and total nonglycine residues with positive ¢in 182 highest resolution protein structures

1 2 3 4 5 6
Pro 1420 0 0.0 0
le 1595 5 0.3 1 154 (3NOQ): 3NOV, 3NOO, 3NOV.
4 0.2 1*  *194 (3DHA).
Val 2220 5 0.2 1 17 (2CGA): 5CHA, 2AYW, 1TPP, 1TGB.
4 02 0
Thr 1998 11 0.6 3 133 (5CPA): 1ELL, 1M41, 1YME, 3FVL, 3HLP; 151 (2CGA): 5CHA; 217 (6LDH): 1LDM.
8 04 0
Trp 467 6 13 1 89 (3IP0): 1GAC.
5 1.1 1% *90 (8FAB).
Leu 2366 22 09 6 74 (1FX1): 1J8Q; 327 (BLDH): 1LDM; 64 (1VL9): 1G4l, 1BP2, 1P2M, 1KVW; *95 (2PKA); *3 (1LH1); *20 (2CI2); *99 (2XOD); *90
17 0.7 4*  (3DFR).
Phe 1158 16 1.4 1 45 (2XOD): 2X2P, 2XOE
15 13 0
Met 563 13 2.3 2 180 (1RTQ): 3B35 (Ala); 145 (1HJ8): INTP, 1TPA, 1TPO, 1TGB, 1TGS. *69 (1N9B); *69 (1M40).
11 20 2*
Cys 665 13 2.0 3 334 (2CPP): 2LQD (NMR); 341 (2XFR): 1B1Y, 1Q6C; 157 (3KFF): 2LB6 (176). *204 (2VHK); *3 (1VBW); *69 (1YLJ).
10 15 3*
Ala 2734 51 1.9 16 38 (1FX1): 1J8Q; 2 (1LH1): 2GDM; 92 (8FAB): 8FAB (B chain); 185 (2CGA): 1TGN; 207 (1BYI): 1DTS; 12 (3IP0): 1G4C (B);
35 1.3 3*  151(3IP0): 1GA4C (A); 221 (1HJ8): 1TGN, 2TGD, 2CGA; 221 (2AYW): 1TGN, 2TGD, 2CGA; 39 (1AHO): 1SN1; 217 (1PQ7): 1TGN,
1HJ8; 172 (1M40, 1N9B, 1YLJ): 3B3X, TWT7F. 50 (214A): 1XWC, 2E0Q; *35 (351C); *147 (1GD1); *238 (2ZPM).
Lys 1755 46 26 8 54 (2PVB): 1B9A; 106 (3WRP): 2029, 1WRP; 221, 328 (6LDH): 1LDM; 82 (2CTS): 3ENJ; 146 (1P1X): 1JCJ, 1JCL; 173 (2QXI):
38 22 2¢  3BSQ (167); 117 (2CE2): 1BK9; *252 (3KS3); *176 (1EB6).
Glu 1641 28 1.7 1 31 (2R31): 2ZD2; *208 (1BYI). *239 (2CTS); *373 (1GWE); *35 (2A6Z); *123 (1LKK).
27 1.6 5*
Ser 2172 55 2.5 14 107 (3WRP): 20Z9, IWRP; 134 (5CPA): 1BAV, 1M41, 3HLP; 2 (2CTS): 3ENJ; 298 (2JHF): 1JU9, 1QLJ, 1YE3 (A chain); 142
4 1.9 5 (1ZK4): INXQ, 1ZK0, 1ZK3; 193 (2XFR): 2XFF, 2XG9, 2XGB; 74 (3E4G): 3E2J: 56 (1ZZK): 12ZI; 43 (2PND): 2ICC, 2ICE, 2ICF;
13 (3IP0): 1G4C (B), 1QON; 52 (2F01): 1SLE, 1PTS: 202 (2AYW): 2CGA (Lys);
*3 (2CCY); *2 (2RHE); *8 (3EBX); *125 (3D1P); *103 (3NOQ).
Arg 1228 29 24 2 241 (1M40): 1N9B; 35 (1GQV): TH1H (Trp35), 1QMT (Trp35); *109 (1UFY).
27 22 1
Tyr 1069 32 3.0 7 98 (1FX1): 1J8Q; 244 (6LDH): 1LDM; 105 (1N9B): 1YLJ, 3B3X, 1W7F; 105 (1M40): 1YLJ, 3B3X, IW7F; 241 (1YLJ): 1N9B (Arg):
25 2.3 1*  25(1HJ8): 1TGS (Asn); 97 (3KFF): 2LB6 (116). *172 (3RP2).
Gin 1194 31 27 6 100 (BLDH): 1LDM; 197 (1N9B): 3N4l, 2G2U: 85 (3BWH): 3QJI, 3S9Q, 3SJ6; 185 (3F1L): 3F1K; *60(1AEC).
25 21 1*
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1 2 3 4 5 6

His 695 34 4.9 4 99 (2QXI): 3BSQ (95); 37 (3D1P): 1H4M (40); 3 (214A): 3E0Q (His39). *3 (3GOE); *297 (1MJ5).
30 43 2*
Asp 1848 101 55 13 129 (OWGA): 2UVO (B chain); 267 (IN9B): 1YLJ (Thr266); 254 (1M40): 1YLJ (GIn); 243 (3KS3): 2CAB (His); 151 (INLS): 2CNA;
88 4.8 4* 97 (3HGP): 2DE9, 3EST; 32 (3NOQ): 3NOO; 63 (2IIM): 1H92 (NMR); 85 (3KFF): 2LB6( 104); 12 (3F1L): 3F1K; 223 (BLDH): =7°;
*276 (BLDH); *185 (1AEC); *174(1TON); *25(2VHK).
Asn 1476 217 147 24 67 (1DY5): 1RSM, 3RN3, 316J; 51 (1KWF): 1CEM; 188 (1LKK): 1CWD (66); 75 (1LZ1): 1GB9, 1GE1, 1ILZ, 1LMT; 69 (1NLS):
193 13.1 6*  2EF6, 2P37; 36 (1PQ7): 1HJ8, 1TGB, 3PTN; 220 (1PQ7): 1TGN (223); 44 (1RNT): 4BIR; 24 (1VL9): 30SH, 3NJU, 3MLM (Asn);
170 (1X8Q): 3MVF; 25 (2AYW): 1TGS:; 223 (2AYW): 1TGN:; 26 (2CE2): 1BKD; 150 (2CGA, A chain): 2CGA (B); 192 (2GGC):
1XNZ, 2EVC, 2GG0, 2Q92; 98 (2PAB): 1DVS, 1E3F, 127J; 223 (2QXI): 216 (3BSQ); 74 (2VB1): 2BLX, 2BPU, 6LYZ; 179 (2XU3):
2NQD, 2YJ8; 173 (3EAB): 2NTT; 161 (3F1L): 3F1K; 218 (BLDH): 1LDM; 9 (OWGA): 2X52;
*209, *212 (1BYI); *2 (1ZK4); *95 (2PKA); *62(1UCS), *276(2PWA).

Non- 28287 716 2.5 113
Gly 603 2 41~
Gly 2800 1616 58.9

Note: For every residue, columns present: 1, the name and 2, total number of residue; 3 to 5 correspondingly, in the first line: the number of residues with positive ¢, the percentage
fraction of residues with positive ¢, the number of residues with positive ¢ which are with negative ¢ in some other structure of the same proteins; in the second line: the number of
residues with positive ¢ except the residues that are with negative ¢ in some other structure of the same proteins, the percentage fraction of residues with positive ¢ except the residues
that are with negative ¢ in some other structure of the same proteins, the number of residues with positive ¢ that have nontypical geometry or unexpected values for ¢, y or @ angles
(marked by “*”); column 6: the identifications of the residues with positive ¢: which have negative ¢ in some other structure of the same protein or nontypical bond lengths, bond angles or
unexpected values for ¢, w or @ angles. In the list, on the left of each semicolon are the residue number in the chain and the PDB code of the structure nearby in parentheses. On the right
of each semicolon is given the PDB code(s) of other structure model(s) of the same protein in which the residue is with negative ¢. Residues with unusual geometry or dubious
stereochemical parameters are marked by “*”.The penultimate line “Non-Gly” presents the data on the total nonglycine residues. NMR is Nuclear Magnetic Resonance

Table 2. A list of lle, Val, Thr, Leu, and Trp residues with positive angle in 182 structures

lle 99 (1HJ8), 30 (1REI), 99 (2CGA), 194 (3DHA)

Val 237 (1GD1), 22 (1GWE), 69 (3BWH), 59 (3EBX)

Trp 80 (1UNQ), 191 (2DDX), 183 (2FVY), 300 (2XFR), 90 (7FAB)

Thr 43 (1CEX), 14 (1G66), 84 (1UZV), 157 (1X8Q), 103 (2CWS), 83 (2PND), 102 (2V8T)

Leu 60 (1F94), 230 (1NLS), 19 (1R2M), 155 (1RTQ), 45, 99 (2AYW), 223 (2DDX), 119 (2G58), 141 (2JHF), 126 (2V1M), 99 (2XOD), 223 (3DK9), 203
(3KS3), 124 (3F7L)

Note: For every item in the list in column 2, figure is the number of the residue in the polypeptide chain and nearby in the parentheses is the PDB code of the structure




The reliable conformation analyses of peptide
models of these residues independently together
with the reinvestigation of the segments
involving such with positive ¢ residues in the
respective structures might be wholesome and
promising.

In the approximation of all trans-peptide bonds,
a conformation of polypeptide chain is
characterized by a set of values of ¢ and
backbone torsion angles. This study sets that in
polypeptides all 19 types of common nonglycine
residues possess by one of these two backbone
angles, by ¢, depleted flexibility by half (most
likely as early as ever since from the
biosynthesis); their conformational alterations will
take place only in the allowed regions with
negative values of angle of ¢ of (¢4,y) torsion
angles area. This feature might be a plausible
determinative for fast and efficient folding of
proteins.

4. CONCLUSION

Nonglycine residues in native protein spatial
structure should most likely have an allowed
conformation with a negative value of backbone
torsion angle ¢; it is unlikely for them both to get
and to reside in a conformation with positive ¢
from both kinetic and thermodynamic points of
view. Residues with positive ¢ angle in a protein
structure are suggested as outliers having a
dubious conformation to be a result of errors
introduced upon structure solution and should be
inspected thoroughly for coordinate errors.

The results of this study may be important in
biophysics, bioinformatics and structural biology,
in elucidating the stability, folding problem and
principles of spatial structure organization of
proteins and can be employed for further re-
refinement of protein structure models and in
protein structure solution by X-ray
crystallography.
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APPENDIX
PDB codes of < 2.0 A resolution 195 protein structures:

1ACX, 1AEC, 1CAC, 1CCR, 1CHO, 1CRN, 1CSE, 1CYP, 1ECA, 1ECD, 1ECN, 1ECO, 1FX1, 1GD1,
1GP1, 1HDS, 1LH1, 1LH2, 1LH3, 1LH4, 1LH5, 1LH6, 1LH7, 1L01, 1L02, 1L03, 1L04, 1LO5, 1L0O6,
1L07, 1L08, 1L09, 1L10, 1L11, 1L12, 1L13, 1L14, 1L15, 1L16, 1LDM, 1LYZ, 1LZ1, 1LZT, 1MBS5,
1MBA, 1MBD, 1MBN, 1MBO, 1NTP, 1NXB, 10VO, 1PAZ, 1PPD, 1PPT, 1REIl, 1RN3, 1RNS, 1RSM,
1RSN, 1RNT, 1SGC, 1SGT, 1TGB, 1TGC, 1TGN, 1TGS, 1TGT, 1TON, 1TPA, 1TPO, 1TPP, 1UBQ,
1WRP, 2ACT, 2ALP, 2APR, 2AZA, 2C2C, 2CAB, 2CCY, 2CDV, 2CGA, 2CHA, 2CI2, 2CNA, 2CPP,
2CTS, 2CYP, 2FB4, 2FD1, 2FOX, 2GCA, 2GCH, 2GRS, 2HMQ, 2HMZ, 2HHB, 2LH1, 2LH2, 2LH3,
2LH4, 2LH5, 2LH6, 2LH7, 2LHB, 2LYM, 2LYZ, 2LZM, 2MHB, 2MBN, 20VO, 2PAB, 2PCY, 2PKA,
2PRK, 2PTC, 2PTN, 2RNS, 2SEC, 2TGA, 2TGP, 2TGT, 2RHE, 2SGA, 2SN3, 2SNS, 2S0D, 351C,
3APP, 3C2C, 3CPA, 3CYT, 3DFR, 3EBX, 3EST, 3GRS, 3HHB, 3LYM, 3LYZ, 3MBN, 30VO, 3PCY,
3PTN, 3PTB, 3PTP, 3RP2, 3SGB, 3TLN, 3TPI, 3WRP, 451C, 4CHA, 4CPV, 4CYT, 4DFR, 4FD1,
4HHB, 4GCR, 4LYZ, 4LZM, 40VO, 4PCY, 4PTP, 4RXN, 4TNC, 4PTI, 5CHA, 5CPA, 5CPV, 5CYT,
5EBX, 5FD1, 5LYZ, 5LZM, 5NLL, 5PTI, 5RXN, 5TNC, 5PCY, 6CHA, 6LDH, 6LYT, 6LYZ, 6LZM,
6LYZ, 6PCY, 6PTI, 6TMN, 7FAB, 7RXN, 8FAB, 8LYZ, 8TLN, 9PAP, 9WGA.

The results of the analyses of < 2.0 A resolution 195 protein structure models

A: The sign of the backbone torsion angle ¢ of nonglycine residues in the structure models of a
protein does not change with changes of the functional state of protein and medium (binding of a
ligand or inhibitor, mutation, crystallization conditions, crystalline medium, crystalline form, etc.).
Evidence for this is provided by the examples below, where next to the name of protein are given in
the parentheses the PDB codes of structure models of that protein in different functional state or
medium conditions. They are the structures of: erythrocruorin (1ECA, 1ECD, 1ECN, 1ECO),
myoglobin (1MBN, 2MBN, 3MBN, 1MBO), leghemoglobin (1LH1 to 1LH7, 2LH1 to 2LH7), hemerythrin
(2HMQ, 2HMZ), cytochrome C (3CYT, 4CYT, 5CYT), cytochrome C2 (2C2C, 3C2C), cytochrome
C551 (351C, 451C), cytochrome C peroxidase (1CYP, 2CYP), plastocyanin (3PCY, 4PCY, 5PCY,
6PCY), carboxypeptidase A (3CPA, 5CPA), lysozyme phage T4 (1L01 to 1L16, 2LZM, 4LZM, 5LZM,
6LZM), papain (9PAP, 1PPD), thermolysin (8 TLN, 6TMN), trypsin inhibitor (4PTI, 5PTI, 6PTI), -trypsin
(1TPO, 3TPO, 3PTN, 1TPP, 3PTP, 3TPT, 1TPA), -chymotrypsin A (2CHA, 6CHA, 1CHO), and
trypsinogen (1TGC, 2TGT). A few exceptions from the tendency can be found below.

B: The torsion angles ¢ of the same, equivalent and homologous nonglycine residues have the same
sign in the identical subunits of oligomeric proteins and of the same protein of different origins. The
examples are the structures: 9WGA of agglutinin, 2AZA of azurin, 2CCY of cytochrome C, 1REI of
immunoglobulin, 2PKA of kallikrein A, 3RP2 of protease I, and 4CHA of a~chymotrypsin, all of them
consisting of two identical subunits, 4HHB of hemoglobin consisting of two pairs of identical subunits,
2HMQ of hemerythrin and 10VO of ovomucoid 3rd domain both of them consisting of four identical
subunits, 4TNC of chicken and 5TNC of turkey troponin C, 5RXN of Clostridium Pasteurianum and
7RXN of Desulfovibrio Vulgaris rubredoxin, and 10VO of Japanese quail and 20VO of Silver
pheasant ovomucoid 3rd domain. Exceptions from the tendency are structures 2PAB of prealbumin,
2CGA of chymotrypsinogen A, 1HDS of deer sickle hemoglobin S, and 2SOD of superoxide
dismutase. Structure 2PAB contains nonglycine residues with positive ¢ 4 in the first of two identical
subunits and 3 in the second subunit. Of two identical subunits of structure 2CGA the first has 7
nonglycine residues with positive ¢ and such residues are 10 in the second subunit. Angle ¢ of a
noticeable number of identical nonglycine residues has different sign in two identical pairs of subunits
of structure 1HDS and in four identical subunits of structure 2SOD.

The above inferences confirmed also by enormous examples from the PDB testify to the invariability

of the sign of torsion angle ¢ of the equivalent residues in different structure models of the same
proteins. Incidentally, the inferences are also true for glycine residues.
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C: The number of nonglycine residues with positive ¢ in the 3D structure decreases with the
improvement of the resolution and the quality of determination and refinement of the structure. The
tendency is confirmed by the following examples in particular. Nonglycine residues with positive ¢ are:
in the flavodoxin obsolete structures at 1.9 A resolution (3FXN) 6 and at 1.8 A (4FXN) 5 and 1.75 A
resolution superseded structure (5NLL) 3, in human hemoglobin structure at 2.1A (1HHO) 5 and at
1.5 A (1THB) 2, in lactate dehydrogenase obsolete structure (4LDH) 33 and superseded structure
(6LDH) 16 both they at 2.0 A, in rubredoxin obsolete structure (4RXN) 2 and superseded structure
(7RXN) 0 both they at 1.5 A, in Trp-repressor domains obsolete structure at 2.0 A (3WRP) and
superseded structure at 1.65 A (20Z9) 1 (deposited in the PDB in 2007), in glutathione reductase 2.0
A resolution obsolete structure (2GRS) 24 and superseded structure at 1.54 A (3GRS) 12, in Fab New
immunoglobulin obsolete structure 3FAB 49 and superseded structure 8FAB 16 both they at 2.0 4, in
Kol Fab immunoglobulin obsolete structure 1FB4 at 2.0 A 17 and superseded structure 2FB4 at 1.9 A
11, in lamprey hemoglobin obsolete structure 1LHB 6 and superseded structure 2LHB 1 both they at
2.0 A, in parvalbumin obsolete structure 3CPV at 1.85 A 4 and superseded structure 4CPV at 1.5 A 3,
in ribonuclease S obsolete structure 1RNS 10 and superseded structure 2RNS 1 both they at 1.6 A.
The following examples were exceptions from the tendency. Nonglycine residues with positive ¢ are in
the structure: of lactate dehydrogenase at 2.1 A (1LDM) 10 and at 2.0 A (6LDH) 16, of parvalbumin at
1.6 A (5CPV) 2 and at 1.5 A (4CPV) 3, of Trp-repressor domains at 2.2 A (1WRP) 1 and at 1.8 A
(BWRP) 3. The residue GIn152 of sperm whale myoglobin is with positive ¢ in the structure at 1.4 A
(1MBD) and it is with negative ¢in the structures at the 2.0 A (1IMBN, 2MBN) and 1.6 A (1MBO).

D: A relatively large amount of nonglycine residues with positive ¢ in the protein structure may be a
simple indicator of local inaccuracies such as abnormally short distances between the nonbonded
atoms, unusual valence bond lengths and bond angles and poor stereochemistry. The inference is
supported by the results of the analysis of the obsolete structure models 1RNS for ribonuclease S,
2GRS for glutathione reductase, 3FAB for immunoglobulin Fab-New, 4LDH for lactate
dehydrogenase, all they at 2.0 A. It is evident also from the analyses of the structure models with the
PDB codes: 1ACX (2.00 A) for actinoxanthin, 1HDS (1.98 A) for deer sickle hemoglobin, 1NXB (1.38
A) for neurotoxin B, 2SNS (1.54 A) for staphylococcal nuclease, 2SOD (2.0 A) for superoxide
dismutase, and 6LDH (2.0 A) for lactate dehydrogenase. The analyses of these structures have
revealed the followings.

In 1ACX, there are several inadmissible short distances between the nonbonded atoms, for example,
0.61 A between atoms C of Ser7 and C’ of Pro8, 1.08 A between atoms O of Ser7 and C’ of Pro8,
1.30 A between atoms O of Ala46 and N of Ala48, 1.43 A between atoms O of Ala58 and Ala59, 1.87
A between atoms O of Asp14 and Val64, 1.66 A between atoms O of Ala92 and Asn98, 1.584
between atoms O of Ala103 and C of Leu104, 1.59 A between atoms C” of Cys34 and Cys43, efc..
Unexpected is the conformation of Pro8 with the backbone angle ¢ = 107° and Phe106 bond angle
OCN = 102°. In addition, the file 1ACX notes the incompleteness of the refinement of structure.

In 1HDS, there are 17 cis-peptide bonds and 32 peptide bonds deviating from the planarity by more
than 50°. Residues Phe33 of subunit A, Val112 of subunit B and Asn116 of subunit D are in the
unexpected D-isomeric form. There are too many conflicting short distances between the nonbonded
atoms. A considerable number of the bond lengths and bond angles deviate from the expected
standard values. Many of these bonds are either less than 1.0 A or greater than 2.0 A and bond
angles are either less than 100° or greater than 130°. Torsion angle ¢ of the noticeable number of the
equivalent nonglycine residues in the different subunits has different sign which testifies to the lack of
similarity in the secondary structure of the subunits.

In INXB for neurotoxin B structure, there are unexpected values for several stereochemical
parameters. Followings are the examples: for the CN bond 0.83 A of Thr18 and 1.77 A of Ser22, for
the NC*C bond angle 151° of Gly42 and 148° of Gly56, and for the C*CN 149° of Lys47 and 141° of
Glu58. This protein is probably identical to erabutoxin B from a Japanese sea snake as the 1NXB file
remarks. The structural identity of the erabutoxin B and neurotoxin B and the existence of homology
between all postsynaptic neurotoxins of the sea snake venom are noted also in the 3EBX file. There
are several entries in the PDB on the structures of snake erabutoxins, e.g., 3EBX (1.4 A), 5EBX (2.0
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A), 1QKD (1.49 A), 1QKE (1.5 A), 2ERA (1.81 A), and 3ERA (1.7 A). In these structure models, with
positive ¢ are only 2 nonglycine residues, Ser8 and Val59, as distinct from 6 such residues in 1NXB

(1.38 A).

The staphylococcal nuclease structure 2SNS (1.54 A) contains nonglycine residues with positive ¢ 17.
The PDB file 2SNS remarks some inaccuracies in the structure. In particular, the electron density map
does not distinctly reveal the location of residues 1 to 5, stereochemical parameters of some residues
deviate from the expected values sufficiently. There are also unexpected closest contacts between
the nonbonded atoms. The residues His46, Tyr115 and GIn123 are in the D-isomeric configuration in
the A subunit. A number of entries are available in the PDB on staphylococcal nuclease structure
deposited after 1992, e.g., with the PDB codes 1ENC, 2ENB, 1EYD, 1EZ8, 1KAA, 1SNM, 2SNM,
1STA, and 1STN. The number of nonglycine residues with positive ¢ in these structures is below 10.
In particular, there are only six such residues in the 1.7 A resolution structures 1EYD and 1STN.

In superoxide dismutase structure 2SOD (2.0 A), a remarkable amount of inadmissible short
distances are between the nonbonded atoms and a great deal of the bond lengths and bond angles
deviate from the expected standard values. Many of the valence bonds are either less than 1.0 A or
greater than 2.0 A and bond angles are either less than 100° or greater than 130°. In the four identical
subunits of the protein, the torsion angle ¢ of some equivalent nonglycine residues has different sign.
Of 40 nonglycine residues with positive ¢ present in the structure on the whole, only two residues
(Leu124 and Asn137) are with positive ¢ in the all four identical subunits. For each of the remaining
32 residues with positive ¢, the equivalent residue is with negative ¢ in the some another subunit(s). It
should be noted that there are with positive ¢ only 12 nonglycine residues in the 2.1 A resolution
structure of this protein 3SOD (Ser66, Leu124 and Asn137 in each of the four identical subunits). Only
these residues are with positive ¢ also in the structure models 1E9P (1.7 A) and 1QOE (1.15 A) of this
protein deposited in the PDB after 1992.

Based upon above data, the following hypotheses may be speculated. The accuracy of structure
models 1ACX for actinoxanthin and 1HDS for deer hemoglobin S is open to question; the new
determination of the structure of these proteins is challenging. The structure models 1NXB for snake
neurotoxin B, 2SNS for staphylococcal nuclease and 2SOD for superoxide dismutase are not
accurate enough and should be attributed to obsolete ones.

Table 1. Fractions of nonglycine residues with positive ¢ angle in the highest resolution 182
protein structures

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

1A6M 10 4 139 2 1.44 A1TT8 11 13 151 3 1.99 2QXI 20 14 202 7 347
1AEC* 28 7 188 7 372 1UBQ* 5 3 69 3 435 2R31 14 16 220 4 1.82
1AHO 7 3 585 4 727 1UCS 3 6 59 2 339 2RBK 18 11 241 7 290
1ALC* &5 2 115 6 522 1UFY 5 8 114 2 175 2RH2 7 3 48 0 0.00
1BXO 39 11 280 5 178 1UNQ 5 6 111 3 270 2RHE* 13 8 99 4 404
1BYI 18 14 204 5 245 1Uzv 10 3 102 9 882 2SGA* 32 4 147 4 272
1C7K 14 8 116 1 08 1WVBW 6 4 60 1 167 2SN3* 9 4 54 2 3.70
1CCR* 11 9 98 1 1.02 1VL9 6 5 1156 5 435 2ViM 12 5 149 2 134
1CEX 24 9 171 &5 292 1X6Z 13 6 114 1 088 2Vv8T 28 18 272 4 147
1CSE* 38 15 295 &5 169 1X8Q 10 3 172 4 233 2VB1 12 2 115 7 6.09
iDbys 2 4 118 1 085 11XMK 3 2 74 0 000 2vHA 17 12 258 8 3.10
1EB6 10 7 165 6 3.63 1Y55 10 3 108 0 0.00 2VvHK 24 12 180 8 4.44
1ECA* 11 5 123 0 0.00 1YLJ 22 13 239 8 3.35 2WFI 18 7 152 8 5.26
1EXR 11 2 133 0 0.00 1ZK4 28 8 221 5 226 2WUR 20 10 203 6 2096
1F94 3 0 688 2 345 1ZLB 14 4 106 2 189 2XFR 39 30 446 14 3.14
1FEX1* 18 2 127 &5 394 1Z2ZZK 9 3 69 1 145 2XOD 9 3 107 4 374
1G66 27 10 178 3 1.69 2A6Z 19 9 201 11 547 2XU3 25 9 193 6 3.1
1G6X 6 3 50 1 2.00 2APR* 47 12 276 3 1.09 2Z6W 21 7 141 4 284

N
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1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
1GClI 35 13 232 4 172 2AYW 25 8 199 6 302 2Z2PM 9 7 76 3 395
1GD1* 23 11 309 6 194 2AZA* 12 2 115 3 261 351C* 7 6 73 1 137
1GP1* 14 14 169 3 178 2BT9 "M 2 77 1 130 3AKS 27 7 162 6 3.70
iGQv 2 12 131 1 076 2CCy* 10 7 115 2 174 3BWH 10 9 232 7 3.02
1GWE 44 26 452 6 133 2CE2 1 3 163 5 327 3C2C* 8 3 102 3 294
1HBG* 19 3 126 1 079 2CGA* 23 9 220 7 318 3CCD 6 2 77 1 130
1HJ8 23 11 197 6 305 2CI2r 2 4 61 2 328 3CYT* 12 3 89 0 0.00
1z 6 5 73 5 685 2CPP* 25 30 378 4 1.06 3D1P 9 9 109 3 275
1MMlUA 6 6 75 2 267 2CTS* 33 22 402 5 124 3DFR* 10 7 150 3 2.00
11XB 13 9 190 3 158 2CWS 24 8 201 3 149 3DHA 18 16 234 5 214
1JoP 10 4 98 1 1.02 2DDX 28 15 294 13 442 3DK9 41 19 419 12 2.86
1K4l 16 13 198 3 152 2DSX 5 5 45 0 0.00 3E4G 10 5 164 6 3.66
1KWF 36 11 3256 8 246 2F01 16 1 103 2 194 3EA6 15 3 199 9 452
9. 3 1 69 0 000 2FDN 4 4 49 4 816 3EBX* 5 4 55 2 364
1LH1* 6 5 145 2 138 2FVY 21 10 282 12 426 3F1L 18 12 225 3 133
1ILlKK 8 6 96 3 312 2FWH 5 4 110 2 1.81 3F7L 27 5 122 2 164
Lzt 11 2 117 7 598 2G58 11 5 108 2 1.85 3FX5 13 5 84 2 238
mMiQ 8 3 80 1 125 2GBA 8 6 95 3 316 3HGP 25 7 213 6 282
1M40 21 12 240 9 375 2GGC 22 11 239 7 293 3G46 10 2 134 2 149
1MBA* 11 6 133 0 000 2GKG 11 5 109 2 183 3GOE 1 2 77 4 519
1MJ5 24 21 272 9 331 2GUD 22 3 97 2 206 3IPO 8 12 148 5 338
1MN8 5 10 8 3 341 2HMQ* 6 3 106 2 1.89 3JYO 31 9 249 0 0.00
1IN55 16 10 231 3 130 24A 8 6 97 4 412 3KFF 8 0 142 5 352
1IN9B 20 11 244 11 451 2IM 6 3 54 1 185 3KLR 9 4 114 3 263
1NKI 12 5 120 0 0.00 2JFR 25 12 207 1 048 3KS3 22 17 233 6 256
INLS 16 11 219 6 274 2JHF 38 20 334 10 299 3M5Q 29 30 326 5 1.53
10D3 17 4 113 2 177 2LHB* 6 5 141 1 071 3NIR 4 5 40 0 0.00
10k 7 3 65 1 154 2LZzM* 11 3 152 2 132 3NOQ 19 16 208 5 240
1019 13 4 110 1 091 2NRL 13 5 130 1 077 304P 32 20 280 12 4.29
1P1X 16 8 232 4 172 209S 6 4 59 0 000 305Q 14 6 112 4 357
1PAZ* 8 8 110 4 364 20VO0* 4 3 50 2 4.00 3RP2* 1 15 204 8 392
1PPT* 1 4 33 1 303 2P5K 3 1 58 1 172 3WRP* 5 3 9% 3 319
1PQ7 34 9 188 5 266 2PAB* 7 6 105 3 286 4DFR* 10 10 147 3 2.04
1IR2M 5 5 63 3 476 2PKA* 22 15 206 7 340 4GCR* 13 8 159 9 5.66
1IR6J 7 2 73 4 548 2PND 8 5 109 3 275 5CPA* 23 10 282 5 1.77
1REI* 8 6 97 3 309 2PNE 37 5 42 0 000 5ER2* 38 13 290 2 0.69
1RNT* 12 4 90 3 333 2PPP 12 7 93 2 215 S5TNC* 13 1 146 2 137
1IRTQ 19 12 270 7 259 2PvB 7 1 98 2 204 6LDH* 24 10 303 16 5.28
18SX 31 4 165 4 242 2PVE 5 6 45 0 0.00 6PCY* 11 &5 87 0 0.00
1TG0 3 4 61 1 164 2PWA 33 9 244 8 328 8FAB* 35 28 389 15 3.86
1THB* 20 14 263 2 076 2PYA 5 5 45 0 0.00 9PAP* 28 10 182 3 1.65
1TON* 20 13 203 6 296 2QCP 4 4 74 2 270 9WGA* 40 6 128 11 8.59
TG 5 1 98 1 102 2QSK 14 9 79 2 253

The columns present: 1, the PDB code of structure; 2 to 5, the number of the glycine, proline, nonglycine, and with positive ¢
nonglycine residues; 6, the percentage fraction of nonglycine residues with positive ¢ in the structure. “*” indicates the PDB
codes of 52 ‘old’, deposited in the PDB by 1992 structures. The data given are on the: first subunit of the two identical subunits
of 1DY5, 1GP1, 1IXB, 1LNI, 1M1Q, 1NKI, 10T9, 1R2M, 1REI, 1THB, 1Y55, 2CCY, 2CGA, 2F01, 2GUD, 2HS1, 2JHF, 2V8T,
2VHA, 2Z6W, 3CCD, 3CYT, 3F1L, 3FX5, 3G46, 3RP2, 4DFR, and 9WGA; three identical subunits of 2BT9 and 2PVE; four
identical subunits of 1GD1, 1UZV and 2HMQ); second subunit of the two identical subunits of 2AZA, 2PAB and 3NOQ; fourth
subunit of the four identical subunits of TMN8 and 2JHF; third and fourth subunits of the two pairs identical subunits of 2PKA
and 8FAB. Gly278 and Asp279 in 1BXO, Leu64 and Val68 in 2WUR and Asn67 and Gly68 in 1DY5 were omitted from the
consideration (with account of the remarks of corresponding files)
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Fig. 1. Ramachandran plots of (¢, ) angles for nonglycine residues in the 182 highest
resolution largely nonhomologous protein structures
(a) Total nonglycine residues. (b) Total His, Asp and Asn residues. (c) Total nonglycine residues with exception
of His, Asp and Asn residues
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