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Frequency distributions of protein backbone dihedral angles '
and  have been analyzed systematically for their apparent

correlation with various crystallographic parameters,

including the resolution at which the protein structures had

been determined, the R factor and the free R factor, and the

results have been displayed in novel differential Ramachan-

dran maps. With improved sensitivity compared with conven-

tionally derived heuristic Ramachandran maps, such

differential maps automatically reveal conformational `attrac-

tors' to which '/ distributions converge as the crystal-

lographic resolution improves, as well as conformations tied

speci®cally to low-resolution structures. In particular, back-

bone angular combinations associated with residues in

�-helical conformation show a pronounced consolidation with

substantially narrowed '/ distributions at higher (better)

resolution. Convergence to distinct conformational attractors

was also observed for all other secondary-structural types and

random-coil conformations. Similar resolution-dependent '/ 
evolutions were obtained for different crystallographic

re®nement packages, documenting the absence of any

signi®cant arti®cial biases in the re®nement programs

investigated here. A comparison of differential Ramachan-

dran maps derived for the R factor and the free R factor as

independent parameters proved the better suitability of the

free R factor for structure-quality assessment. The resolution-

based differential Ramachandran map is available as a

reference for comparison with actual protein structural data

under WebMol, a Java-based structure viewing and analysis

program (http://www.cmpharm.ucsf.edu/cgi-bin/webmol.pl).

Received 24 August 1998

Accepted 7 October 1998

1. Introduction

In protein structure determination and validation, the

Ramachandran plot ± the two-dimensional scatter plot of the

protein main-chain torsion angles ' and  ± provides a simple

yet sensitive tool to evaluate the quality of the structure

re®nement, as the data can be compared to reference distri-

butions of sterically allowed and energetically favorable

regions (Ramachandran & Sasisekharan, 1968; Laskowski et

al., 1993; Kleywegt & Jones, 1996; Kuszewski et al., 1996; Hooft

et al., 1997). Since various regions in the Ramachandran map

are associated with canonical backbone conformations such as

�-helices and �-strands, the Ramachandran plot also imparts a

coarse picture of structural features found in the protein under

investigation (Adzhubei et al., 1987; Karplus, 1996). Evidently,

the reference distribution, henceforth referred to as the

Ramachandran map, bears critically on the conclusion drawn

from such analyses. With the steadily increasing availability of

high-resolution protein structural data, the heuristic deriva-

tion of Ramachandran maps from known protein structures



instead of theoretical investigations has become standard, as

in the popular program PROCHECK (Laskowski et al., 1993).

Statistics of '/ distributions are gathered from a set of high-

resolution crystal structures to estimate their underlying

probability density-distribution function, which is then used to

evaluate backbone conformations in proteins of interest

(Hooft et al., 1997). Naturally, the crystallographic resolution

cut-off is a major determinant for the data-set generation and

the reliability of the statistics obtained. Morris et al. (1992)

observed that '/ distributions become increasingly tightened

as the resolution improves. Their analysis was based upon a

coarse classi®cation of the Ramachandran map into `core',

`allowed', `generous' and `outside' conformational regions.

With improving resolution, an increasing fraction of residues

was found to fall into the de®ned core region, reported simi-

larly by Kleywegt & Jones (1996), Hooft et al. (1997) and the

EU 3-D Validation Network (1998).

In this study, we resolve this correlation with the crystal-

lographic resolution to the level of detail of the Ramachan-

dran map itself and for all secondary structural and amino-

acid types separately. Instead of analyzing '/ frequencies,

their changes with respect to resolution and other crystal-

lographic parameters are displayed in novel differential

Ramachandran maps, thus essentially capturing `evolutionary'

features. Without the need to pre-de®ne favorable backbone

conformational states and in a quantitative manner, these

maps automatically carve out the ®ne structure in the '/ 
frequency distributions and reveal `focal points' or `confor-

mational attractors' to which backbone conformations

converge as resolution improves, as well as progressively

depleted regions in the Ramachandran map. The differential

Ramachandran maps may therefore serve as a valuable

supplement to conventional maps, as they may help to identify

suspicious backbone conformations for which a re-examina-

tion of the electron-density map may be indicated, may help in

detecting strained backbone conformations and may guide

protein model-building efforts. Differential maps were also

compared between different re®nement programs and for

other relevant crystallographic parameters, such as the R

factor and free R factor (BruÈ nger, 1992a). Differences in their

correlation with observed backbone angular frequencies, as

reported here, may imply different merits of both parameters

as structure-quality criteria.

2. Materials and methods

2.1. Data

A non-redundant subset of 880 protein crystal structures or

protein chains exhibiting less than 30% pairwise sequence

identity after optimally aligning their sequences and which

were determined at 3.0 AÊ or better (Dunbrack, 1997) were

selected from those stored in the PDB (Bernstein et al., 1977).

It was required that the selected proteins ful®ll the basic

quality criteria imposed by the program DSSP discarding, for

instance, structures with no complete residue (Kabsch &

Sander, 1983). This set contained a total of 209376 non-

terminal amino acids involved in trans-peptide bond confor-

mation to the corresponding preceding and succeeding amino

acid along the polypeptide chain. Assignments of secondary-

structural states were generated by the program DSSP.

Crystallographic parameters, the nominal resolution, R factor,

free R factor, year of determination and re®nement program

used were conveniently retrieved from the database

PDBFINDER (Hooft et al., 1998).

2.2. Ramachandran map

The main-chain torsion angles ', de®ned by the backbone

atoms Ciÿ1ÐNi ÐC�,i ÐCi, and  , de®ned by Ni ÐC�,i ÐCi Ð

Ni+1, were measured for each non-terminal and trans/trans-

bonded amino-acid residue i. The '/ diagram was subdivided

into 72� 72 bins or cells with each cell collecting data (counts)

for itself and the eight cells surrounding it, thereby smoothing

the data by applying a sliding interval of 15� shifted at a 5�

register. For example, a 5 � 5� cell centered at ' = 22.5�

actually comprises data within the interval 15.0� � ' < 30� and

the cell centered at ' = 27.5� actually comprises data with the

interval 20.0� � ' < 35�, and similarly for the  direction.

Neighboring cells exceeding the boundaries of ÿ180� or 180�

were circularly closed.

2.3. Differential Ramachandran maps

For every protein in the data set used, the absolute counts in

each of the 72 � 72 bins or cells were converted to relative

frequencies; i.e. divided by the total number of counts ('/ 
measurements) for the given protein, thus representing the

fraction f'/ of amino-acid residues in that particular '/ 
conformational state (bin), and stored together with char-

acteristic crystallographic parameters. These included the

nominal resolution (Res), the R factor and the free R factor

(Rfree) and year of determination associated with that partic-

ular protein p.

The resulting 880-element vector of fractional frequencies

f'/ for a given '/ bin was then correlated with speci®c

crystallographic parameters Par(p), e.g. resolution, associated

with each of the 880 protein chains by a linear regression with

f'/ (p) = mPar(p) + n, where p denotes the corresponding

protein characterized by slope m and intercept n. This linear

regression was effected for all 72 � 72 '/ bins. The resulting

matrix of linear correlation coef®cients r'/ associated with

each linear regression was then plotted in a two-dimensional

map and color coded according to the sign of r'/ , with its

absolute value being encoded by color saturation. Blue-

colored cells indicate negative values of r'/ , i.e. increasing

relative frequency of a particular '/ state with decreasing

values of the chosen parameter (e.g. improving resolution).

Red-colored cells indicate positive correlations, i.e. confor-

mations less frequently observed at smaller values of the

parameter. Only those values of r'/ were plotted with 25 or

more non-zero values of f'/ (p); i.e. plotted '/ states had to

be observed in at least 25 proteins; all others were colored

gray. The correlation coef®cient rather than the slope of the

linear regression was chosen for analysis, as it not only
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measures the overall trend but also re¯ects the signi®cance of

the correlation.

This analysis was also performed separately for only certain

types of secondary-structural states characterized by speci®c

main-chain±main-chain hydrogen-bonding networks as

de®ned in DSSP (Kabsch & Sander, 1983) and for each of the

20 amino-acid types. In such analyses, only those amino-acid

residues belonging to that particular secondary-structural type

or amino-acid type were considered.

2.4. Cross-correlations between Ramachandran maps

Differential Ramachandran maps obtained for two

different crystallographic parameters, e.g. resolution and R

factor, and other '/ -related property maps (e.g. B factor)

were cross-correlated by determining the cross-correlation

coef®cient, rcross, where ÿ1 � rcross � 1, between all equivalent

72 � 72 bin values in each individual differential Ramachan-

dran map, on condition that only those bins were considered

for which both maps contained more than 25 examples

(proteins).

2.5. Temperature B-factor analysis

Temperature B factors (or Debye±Waller factors) for

atomic positions were contained in 865 of the 880 PDB ®les

examined. All B factors were rescaled with a new mean value

of zero and a unit standard deviation with Bnew = (Bpdb ÿ
hBpdbi)/�Bpdb

, where hi denotes the mean and � is the standard

deviation.

2.6. Statistical signi®cance, P value

For uncorrelated values x and y and a large number of

measurements (N >> 3), the linear correlation coef®cient r

(Pearson's correlation coef®cient) is distributed normally with

a zero mean and a standard deviation � of 1/N1/2. The

probability of obtaining a correlation coef®cient equal to or

greater in magnitude than a certain measured coef®cient r in a

sample distribution can therefore be estimated from

P = erfc[|r|(N/2)1/2], where erfc is the complementary error

function (Press et al., 1988) and 0� P� 1. It has to be borne in

mind, however, that as the distributions of parameters inves-

tigated here (e.g. resolution) cannot be considered random,

the calculated P values only represent an estimate.

3. Results

The heuristic Ramachandran map derived from the protein set

used in this study, with assignments for the distinct peaks and

regions to secondary-structural types and designations for

Figure 1
Heuristic and differential Ramachandran map. (a) The database-derived Ramachandran map obtained from all non-terminal trans/trans-bonded amino-
acid residues in the protein data set used in this study. Logarithmic absolute frequencies N are encoded by the color spectrum displayed underneath the
diagram, with the observed upper and lower limits of the relative frequencies associated with each color also indicated. '/ regions (bins) with
occurrences in only 25 or fewer proteins are colored gray. The designation of the distinct maxima and regions in the plot are adapted from Karplus (1996)
with �R, right-handed �-helix; �L, mirror-image (left-handed) of �R; �S, �-strand residues involved in antiparallel and parallel �-sheet formation; �P,
extended polyproline helices (Adzhubei & Sternberg, 1993); �R, right-handed region commonly referred to as the bridge region ± region encompasses �-
helical residues, residues in 310-helical, turn, �-bulge as well as random-coil conformation; �L, mirror image of �R;  0, inverse  turn (Milner-White, 1990);
" ÿ ' > 0� and  ' �180�; "0 and "0 0, mirror images of ", with "0 0 denoting the region overlapping with �S and �P; �, conformational region preferably
occupied by residues preceding prolines (Karplus, 1996). (b) The differential Ramachandran map (see x2.3) derived from the same data set. The color
spectrum refers to the correlation coef®cients r obtained from linear regressions of fractional frequencies with crystallographic resolutions. 100% color
saturation would correspond to r values of +0.45 and ÿ0.45, respectively. The actual observed maximal r obtained for a '/ bin was +0.45 and the
greatest negative value ÿ0.27.



other structural substates, is shown in Fig. 1(a). The color

spectrum used to encode the backbone angular frequencies is

based on a logarithmic scale, since the �-helical conformation

(' ' ÿ64� and  ' ÿ40�) dominates the map when a linear

scale is used, essentially masking all other conformations

(peak value of 15.6% as compared with 2.2 and 2.1% for �P

and �S, respectively, ranked next).

3.1. Resolution-based differential Ramachandran maps

This conventional Ramachandran map imparts an integral

view, irrespective of the resolution at which protein structures

contained in the data set have been determined. The ®delity of

such maps can be improved by including only high-resolution

structures. Still, an arbitrary resolution cut-off has to be

de®ned, possibly limiting the available amount of data

signi®cantly. More critically, no insight about where speci®-

cally interpretations of low-resolution electron-density maps

may be consistently misled during the structure model-

building and re®nement process can be gained from any single

such map with a ®xed resolution cut-off. Alternatively, we

introduce the differential Ramachandran map shown in

Fig. 1(b): instead of plotting absolute '/ frequencies, their

changes or sensitivity with respect to crystallographic para-

meters (e.g. resolution) are measured by means of correlation

coef®cients and mapped onto the '/ -parameter space (see

x2.3). The sign (encoded by color) and magnitude (encoded by

color saturation) of the correlation coef®cients obtained

immediately delineate the extent to which particular '/ 
frequencies appear to depend upon the particular parameter,

as well as their overall tendencies. Such differential maps can

be imagined as a static visualization of a time series of several

conventional Ramachandran maps, each obtained from

proteins falling within consecutive intervals of the particular

parameter of interest. What is captured in the differential map

is the signi®cance and direction of change in '/ regions in

such a `¯icker movie'.

It would be expected that some regions of the Ramachan-

dran map become progressively less populated while others

become increasingly more populated as resolution ± taken as

the independent parameter ± improves. In the differential

map, such behavior is re¯ected by different signs of the

obtained correlation coef®cients, encoded by a red or blue

color scale. Parameter-indifferent behavior would result in

small correlation coef®cients, with white color indicating zero

correlation.

The resolution-based differential Ramachandran map

shown in Fig. 1(b) indeed reveals a substantial `evolution' in

'/ distributions. It demonstrates that the differences in the

frequencies observed in the integral Ramachandran map

(Fig. 1a) are not only caused by natural deviations from the

mean but also by systematic shifts correlated with the reso-

lution at which the proteins have been determined crystal-

lographically. In particular, the distinct red region south-east

of the right-handed �-helical region stands out noticeably,

indicating substantially lowered frequencies as resolution

improves, with obtained correlation coef®cients for individual

bins as high as +0.45 and corresponding P values of 1.2 �
10ÿ40. The blue regions highlighting '/ combinations with

increased relative frequencies at higher resolutions largely

coincide with the maxima observed in the `conventional'

Ramachandran map (Fig. 1a). Thus, the frequency shifts

re¯ect convergence rather than migration of the maxima itself.

By contrast, some '/ regions do not display any obvious

correlation with resolution; e.g. regions designated by "00 and

parts of " with nearly white colored cells.

Capturing differential aspects effectively sharpens the view

on conventional Ramachandran maps and the ®ne structure of

the '/ frequency distribution becomes readily visible.

Distinct '/ angular combinations are identi®able to which

observations of backbone dihedral angles appear to converge
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Figure 2
Fractional occurrences versus resolution. Fractional occurrences of two
selected '/ conformational regions plotted versus the resolution at
which the corresponding proteins harboring those conformations were
determined crystallographically; i.e. each dot represents one protein.
Both regions were positioned close to the canonical �-helical '/ values
with (a) ÿ65 � ' < ÿ50� and ÿ45 �  < ÿ30� and (b) ÿ65 � ' < ÿ50�

and ÿ65 �  < ÿ50�. Linear-regression lines with the corresponding
correlation coef®cients r as well as 50-point running averages (¯uctuating
solid line) for the abscissa-ordered raw data (dots) are shown.
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as resolution improves (blue regions). For instance, the � and 
regions in Fig. 1(a) appear as separated islands or conforma-

tional attractors and not as extensions of the �-strand

conformational region, demonstrating the improved sensi-

tivity to structural detail of our analysis. Also, the �S region

separates into the two attractors known for parallel and

antiparallel sheets (Chothia, 1973).

We use the term `conformational attractor' for the

description of such backbone dihedral angle conformations

that can be assumed to correspond to local energy minima,

rendering them preferred conformational states. Backbone

dihedral angles in real protein and at a given temperature will

always show ¯uctuations around such lowest energy states,

and we wish the term `attractor' be understood as a `basin of

attraction' rather than a singular point.

Fig. 2 illustrates how the fractional frequencies of backbone

dihedral angles for two selected '/ bins were actually

observed to depend upon resolution. The overall trends are

captured by a linear-regression analysis and the corresponding

correlation coef®cients. Although there is substantial scatter

in the data, the corresponding P values are extraordinarily

small. Therefore, it seems highly unlikely that these correla-

tions originated from random ¯uctuations. It might have been

expected that the fractional frequencies reach a plateau value

below a certain level of resolution, as was observed for the

fraction of core residues [`core' with respect to favorable

regions in the Ramachandran map, as de®ned by Morris et al.

(1992)]. Our results suggest that this may not be generally true

for all local regions in the Ramachandran map (Fig. 2). The

running averages of the two distributions display a continued

upward or downward slope, suggesting that even in protein

sets determined at relatively high resolution (<2.0 AÊ ), the

limiting or ultimate fractional frequencies appear as not yet

determined.

The methodology of differential Ramachandran maps can

also be applied to speci®c residue subsets to reveal trends

hidden in the overall picture. Fig. 3 juxtaposes the resolution-

based differential Ramachandran maps obtained for common

secondary-structural types and residues in random-coil

conformations. Again, distinct blue regions identifying

conformational attractors are contrasted by red regions indi-

cating depleted regions, as well as white regions for confor-

mations with frequencies uncorrelated with resolution. The

differential Ramachandran map for �-helices shows all three

such qualities in well separated '/ areas. The increased

con®nement of �-helical backbone conformations with

' ' ÿ64� and  ' ÿ40� is obvious from the graph, as is the

pronounced trend out of regions south-east of the �-attractor.

By contrast, regions north-west of the focal point are evenly

populated throughout all resolutions. A more detailed analysis

of these ®ndings is presented below.

�-strand conformations appear to move out of areas

beneath the main diagonal  = ÿ' into regions above this

demarcation line. As this line marks the distinction between

left- (beneath the diagonal) and right- (above the diagonal)

handed �-twists, the preference for right-handed conforma-

tions (Chothia, 1973) is demonstrated. In better resolved

structures, left-handed conformations are progressively less

common. The observations of �-residues falling into the

�-helical region originate from residues in �-bulge confor-

mation. No obvious conformational attractor is evident for

this structural motif.

Residues in turn as well as in 310-helical conformations

converge to similar conformational attractors. Since both are

de®ned by main-chain±main-chain hydrogen bonds between

residues at relative sequence positions i and i + 3, this simi-

larity is not surprising. Although generally perceived as less

regular in their '/ values (Barlow & Thornton, 1988), the

differential Ramachandran map identi®es a weak attractor for

310-helices near ' ' ÿ70� and  ' ÿ20�. Observations with

Figure 3
Differential Ramachandran maps for common secondary-structural types
and random-coil conformations. The table summarizes the obtained
statistics and the minimal and maximal observed correlation coef®cient
for each graph, as well as the color-spectrum boundaries [color saturation
for red (positive) values of r and blue (negative) values of r]. `Coil'
residues refer to those residues in proteins with no assignment to any
secondary or any other structural type (e.g. `bend') in DSSP (Kabsch &
Sander, 1983), i.e. the corresponding column in the DSSP ®le record was a
blank character. As in Fig. 1, the minimal required number of occurrences
for a given '/ bin was 25 proteins. Horizontal axes measure ', vertical
axes  , each within a (ÿ180, 180�) interval.



' > 0 can be attributed predominantly to glycines positioned at

the N-terminus of 310-helical segments. These conformations

allow the particular main-chain hydrogen bond to form but

their '/ angles clearly differ from the canonical 310-attractor.

We suggest that the assignment for those residues should be

revised or interpreted with caution.

For main-chain conformations associated with residues in

random-coil state; i.e. residues not involved in regular intra-

protein hydrogen-bond networks, the polyproline(II)-helical

state (Fig. 1a) was identi®ed as the strongest attractor

supplemented by other rather diffuse regions corresponding

to the �-region and a region with  ' 0�. As the poly-

proline(II) helix is not stabilized by main-chain±main-chain

hydrogen bonds, the origin of favorable energies in this state

has been investigated by several research groups without

reaching a consensus (Eisenhaber et al., 1992; Adzhubei &

Sternberg, 1993; Maccallum et al., 1995). Its identi®cation as a

pronounced conformational attractor emphasizes its relevance

as a distinct secondary-structural state.

The �-state (Fig. 1a) was found to be adopted almost

exclusively by residues preceding proline (MacArthur &

Thornton, 1991; Hurley et al., 1992; Karplus, 1996). In our data

set, approximately 70% of all � occurrences were associated

with this sequence motif.

Differential Ramachandran maps were also generated

separately for each of the 20 amino acids. However, the

statistical signi®cance of correlations was weaker and largely

coincided with the tendencies observed for the secondary-

structural type for which the particular amino acid is known to

have a preponderance. For example, maps for alanine and

glutamic acid, common participants in �-helices, were

observed to converge to the �-helix attractor. Corresponding

differential maps for all 20 amino-acid types can be accessed

on the World Wide Web (see x5).

Systematic changes in the '/ distributions correlated

with resolution would of course lose their meaning if

produced by a bias towards over-representation of a parti-

cular folding class, e.g. all-�, as resolution improves. However,

the fractional content of any secondary structural type de®ned

in DSSP was observed to be uncorrelated with resolution, with

corresponding correlation coef®cients of r < 0.03 for each

secondary structural type, including random coil, interpreted

as a separate structural category. Thus, the frequency shifts

observed in Fig. 1(b) did not originate from an unbalanced

data set.

3.2. Other crystallographic parameters

Differential Ramachandran maps can also be obtained for

other crystallographic quantities as independent parameters.

Differential Ramachandran maps derived for the R factor and

the free R factor (BruÈ nger, 1992a) revealed near-identical

patterns of depletion and enrichment of '/ populations as

obtained for the resolution-based maps (Fig. 1b). No signi®-

cant correlations were found between conformational prefer-

ences and the year of structure determination. These

observations are summarized in Table 1 by means of cross-

correlation coef®cients (see x2.4) between the different types

of general differential maps (all residues/all secondary struc-

tural states) and maps of �-helical residues only, with high

cross-correlation coef®cients indicating coherent behavior.

Although qualitatively similar, the maps for the R factor

and Rfree differ in their magnitudes of correlation with respect

to '/ relative frequencies. In both the general map and the

map derived for �-helical residues only, the determined

maximal and minimal correlation coef®cients were signi®-

cantly smaller for the R factor than for Rfree. While minimal

and maximal values of any distribution may correspond to

extreme outliers within otherwise similar bulk distributions of

data, the smaller standard deviations of correlation co-

ef®cients in R-factor-based maps also implies a truly smaller

range. As the R factor itself is minimized in the structure-

re®nement process, this weaker correlation is comprehensible,

yet has implications for its value as a structure-quality indi-

cator (see x4.4). The correlation coef®cients obtained for year-

based maps were not instructive (Table 2) and were generally

not correlated with any other crystallographic parameter

(Table 1).

4. Discussion

Given current crystallographic technologies on one hand and

the nature of proteins and solvent-containing protein crystals
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Table 1
Cross-correlations between differential Ramachandran maps.

Residues in �-helical conformation

Parameter Resolution Rfree R factor Year

All residues/
all secondary
structural
elements

Resolution 1 0.79 0.82 ÿ0.06
Rfree 0.69 1 0.75 ÿ0.13
R factor 0.79 0.67 1 ÿ0.29
Year ÿ0.03 ÿ0.07 ÿ0.26² 1

² Note that for resolution, R and free R factor `smaller' means `better', whereas for year
larger values may be expected to correspond to `better' data.

Table 2
Range of correlation coef®cients obtained for differential Ramachandran
maps derived for various crystallographic parameters.

All residues/all secondary structural states

Parameter rmin rmax

Standard
deviation²

Number of
proteins

Resolution ÿ0.28 0.43 0.102 880
Rfree ÿ0.29 0.51 0.121 279³
R factor ÿ0.21 0.26 0.078 880
Year ÿ0.11 0.09 0.028 880

Residues in �-helical conformation

Parameter rmin rmax

Standard
deviation²

Number of
proteins

Resolution ÿ0.55 0.47 0.157 812
Rfree ÿ0.43 0.49 0.163 268
R factor ÿ0.33 0.32 0.108 812
Year ÿ0.10 0.09 0.032 812

² Only '/ bins with 25 or more examples (proteins) were considered. ³ The free R
factor (BruÈ nger, 1992a) is not listed or measured for all proteins.
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on the other, it is often not possible to obtain diffraction data

at a precision that would allow an unambiguous interpretation

of experimentally phased electron-density maps. An under-

standing of the apparent evolution of Ramachandran maps

with resolution as investigated here may therefore help to

eliminate errors in the interpretation of low-resolution struc-

tures.

The shifts in conformational preferences that we have

identi®ed may originate from a variety of sources, including

re®nement protocols and structural ¯exibility. As the differ-

ential Ramachandran map for �-helices (Fig. 3) shows the

strongest dependence upon resolution, we ®rst discuss trends

in �-helices in greater detail.

4.1. Focusing on the a-helix

One plausible origin for non-canonical �-helical '/ angles

(red regions in Fig. 3, �-helix) could be the introduction of

bends into straight helices. However, '/ values for residues in

curved helices were not observed to speci®cally fall into the

detected depleted '/ regions. Next, we examined the relative

position of such `outlier' residues along the helix path.

Figs. 4(a) and 4(b) indicate that the N-terminal, middle and

C-terminal residues occupy distinct '/ regions. By compar-

Figure 4
Conformational preferences for �-helical residues at terminal or middle
positions along the helix path. Maps show mean values of positional
indices for �-helical residues as a function of '/ encoded by the color
spectrum displayed underneath the maps. In (a) the four N-terminal
helical residues were assigned a positional index of `ÿ1', the four
C-terminal helical residues `+1' and all others `0'; in (b) the four N- and
four C-terminal residues were assigned the index `+1' and all others
(central positions) `0'. Only helices with nine or more residues were
considered in both analyses. Data represent statistics for 15 � 15� bins
shifted at a 5� register with at least 25 measurements contained in each
cell.

Figure 5
Illustration of the structural consequences of smaller absolute '-dihedral
angles in �-helices. A perfectly regular �-helix with ' =ÿ65� and =ÿ40�

is shown by the green backbone C atoms. Upon adjusting the indicated '
towards smaller absolute values (' = ÿ42�), a kink is introduced bringing
the carbonyl O atom of residue i closer to the amide H atom of residue
i + 3, with the new structure represented by the orange carbon-backbone
trace. O atoms are colored red, N atoms blue and H atoms white. This
®gure was produced with InsightII (Biosym).
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Figure 6
Mean minimal hydrogen-bond donor±acceptor distance between residues i and residues i + 3 (a) and i + 4 (b) in �-helices as a function of resolution. For
each protein in the database, the shortest distance between any carboxyl O atoms (acceptor) of residue i and the main-chain amide N atom of residues
i + 3 and i + 4 were determined with both residues required to be in �-helical conformation. To ensure that the intervening residues are also in �-helical
conformation and belong to the same �-helix as the examined residue pair, it was required that the carbonyl bond (C O) vector of each intervening
residue opened an angle to its preceding C O bond vector no greater than 70� (tco data column in DSSP data®les). Raw data (minimal donor±acceptor
distance in a given protein) were binned into 0.5 AÊ wide resolution intervals. Error bars correspond to the observed standard error of the mean in each
bin. (c) Number of i, i + 3 main-chain±main-chain hydrogen bonds per helical residue as a function of resolution. De®nitions of hydrogen bonds were
adopted from McDonald & Thornton (1994). At helix termini, detected hydrogen bonds were counted if at least three of the four-residue `ring' closed by
a i, i + 3 hydrogen bond were assigned �-helical by DSSP. For the N-terminal residue of a given �-helix, the carbonyl O atom of the preceding non-helical
residue was considered as belonging to this N-terminal helical residue because this carbonyl O atom is greatly in¯uenced by this residue's '-dihedral
angle (see Fig. 5). Likewise, the NH group of the ®rst non-helical residue following the C-terminus of an �-helix was considered as belonging the C-
terminal helical residue as it is in¯uenced directly by the last helical residue's  -dihedral angle. Hydrogen bonds per residue were counted for both the
potential donor (NÐH) and the potential acceptor (C O) atoms. Raw data (mean number of i, i + 3 hydrogen bonds per helical residue per protein
determined at a given resolution) were binned into 0.5 AÊ wide resolution intervals. Error bars correspond to the observed standard error of the mean in
each bin.
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ison with Fig. 3 (�-helix), it can be concluded that residues at

the N-terminus of �-helices are more likely to fall into the red

(increasingly depleted) sub-regions. By contrast, central resi-

dues are most regular and adopt conformations consistent

with the �-attractor. C-terminal positions prefer different

main-chain angles (north-west of �-attractor) and fall into an

area with no obvious correlation with resolution.

What are the structural consequences of non-canonical '
values (' > '�-helix attractor) that have been observed to occur

most frequently at helical N-termini? Fig. 5 illustrates that

such ' angles introduce a kink in the helix disrupting the

regular i, i + 4 hydrogen-bond pattern and thereby terminating

the helix when not compensated by adjustments in preceding

backbone angles. Greater ' angles also bring the carbonyl O

atom of the preceding residue (residue i in Fig. 5) closer to the

H atom donated by the main-chain N atom of residue i + 3,

establishing an additional hydrogen bond. At helical

N-termini this polar H atom would normally not be saturated

by another helical main-chain carbonyl O atom but by speci®c

capping interactions (Aurora & Rose, 1998) or water. The

described effect raises the question as to whether the over-

representation of greater (smaller absolute values) ' angles in

helices is introduced by an overestimation of electrostatic

attraction during re®nement of structures determined at low

resolution. The utilization of atomic force ®elds (including

non-covalent terms) is a matter of some controversy amongst

crystallographers, as the danger of biases encoded by the

parameters of the force ®eld appears realistic. We compared

the statistics of intrahelical main-chain±main-chain hydrogen

bonds for three re®nement packages: X-PLOR (BruÈ nger et al.,

1987; BruÈ nger, 1992b), TNT (Tronrud et al., 1987) and

PROLSQ (Hendrickson & Konnert, 1980). X-PLOR allows

the re®nement of protein models against an emperical energy

function including electrostatic terms, whereas the latter two

are pure least-squares re®nement packages. Observed

minimal hydrogen-bond donor±acceptor distances for resi-

dues in relative sequence positions i and i + 3, and i and i + 4

are shown in Figs. 6(a) and 6(b), respectively. It would natu-

rally be expected that even with constant mean values corre-

sponding minimal distances increase with better resolution

and the standard deviation of donor±acceptor distances can be

expected to drop simultaneously. However, the extent to

which donor±acceptor distances, in particular for i, i + 3

hydrogen bonds, increase with improved resolution is

remarkable. Accordingly, the frequency of i, i + 3 main-chain±

main-chain hydrogen bonds per helical residue also decreases

sharply with improved resolution. All three individual

packages seem to converge to similar values at better reso-

lution, despite the apparent divergence below 1.5 AÊ , which

possibly results from data scarcity in this resolution range.

Hydrogen-bond donor±acceptor distances were clearly not

observed to be distinctly shorter in models re®ned with

X-PLOR, refuting the suspicion of biasing in¯uences arising

from over-weighted attractive electrostatic potentials during

re®nement. The same conclusion can be drawn from a direct

comparison of differential Ramachandran maps derived from

structures re®ned with either of the three different packages

examined here. Regardless of the re®nement program used,

residues in �-helical conformation in protein structures

converged to the same �-helix attractor (' ' ÿ64� and

 ' ÿ40�), and the cross-correlation coef®cients between the

individual differential Ramachandran maps were high

(Table 3). This consistent behavior of the re®nement programs

documents the absence of any signi®cant bias encoded by the

parameters used to optimize protein backbone geometries.

Instead, the over-representation of certain helical backbone

angles at low resolution may be related to anisotropies of

intrahelical steric interactions. A qualitative van der Waals

potential energy as a function of the backbone conformation

of a central helical residue is mapped onto the '/ diagram in

Figure 7
van der Waals energy of kinked �-helices. A perfectly regular 11-mer
polyalanine �-helix was created with the standard settings of the builder
module of InsightII (Biosym) with ' = ÿ65.0,  = ÿ40.0 and ! = 180.0�.
Backbone dihedral angles ' and  were then systematically scanned for
residue six along the helix-peptide path and the van der Waals energy of
the peptide calculated for each '/ combination consistent with allowed
�-helical conformations in Fig. 3 (�-helix panel). An arbitrary and
unitless Lennard±Jones type potential V was de®ned to qualitatively
measure the van der Waals energy as a function of backbone
conformation of residue six with V = (�/�)12 ÿ (�/�)6, where � is the
distance between any two non-covalently bonded heavy atoms and � is
the separation distance corresponding to the pairwise energy minimum,
with � arbitrarily set to 2.8 AÊ . The segmentation of the �-helical
Ramachandran area into C/N-terminal and middle regions follows the
results of Fig. 4(a).

Table 3
Cross-correlations between resolution-based differential Ramachandran
maps obtained from proteins re®ned with different re®nement programs
and for residues in �-helical conformation only.

X-PLOR² TNT³ PROLSQ§

Number of proteins 487 66 105
X-PLOR 1 0.75 0.74
TNT 1 0.69
PROSLQ 1

² BruÈ nger (1992b). ³ Tronrud et al. (1987). § Hendrickson & Konnert (1980).



Fig. 7. The determined �-helical attractor (Fig. 3) corresponds

to low van der Waals energy, while surrounding regions are

less favorable and may even result in steric con¯icts (encoded

red). Backbone conformations north of the canonical �-helix

attractor, however, do not cause steric overlaps and are thus

tolerable even as unique occurrences and in central positions

in otherwise regular helices. Conversely, '/ combinations

causing steric con¯icts strictly require compensations in other

helical backbone dihedral angles or may occur only at helical

termini (C-terminus in particular, '/ values `west' of �-helix

attractor). When compensatory effects are the prerequisite for

non-canonical '/ values to occur, it is clear that such

necessary compensations are more likely to be introduced as

imprecisions in low-resolution structures. We conclude that

closest allowed distances between atoms have a substantial

impact on tolerable '/ backbone angles, and that the

differences between re®nement packages observed in Fig. 6

may also be attributable to subtle differences in the treatment

of such closest allowed interatomic distances.

4.2. Conformational ¯exibility

It is possible that high-resolution structures display

convergence of their backbone conformations, as only struc-

tures with this property can diffract to such high resolution. In

contrast, broader distributions for less well resolved structures

might re¯ect true conformational ¯exibility while precluding

collection of high-resolution data.

The standard measure of conformational ¯exibility on the

atomic level is the B factor or Debye±Waller factor. Fig. 8

shows the mean standardized B factor (see x2.5) as a function

of backbone conformation. Hydrogen-bonded structures

(�-helices, �-sheets and other smaller regions) are character-

ized by lower B factors, i.e. greater rigidity, while, for instance,

the polyproline-II region (Fig. 1a), although identi®ed as a

conformation attractor (Fig. 3), displays only medium B

factors. A comparison with the general resolution-based

differential Ramachandran map (Fig. 1b) reveals a coarsely

similar variation with backbone conformation. The measured

cross-correlation coef®cient (x2) between both maps was

determined as rcross = 0.38. Similar magnitudes of cross-

correlation coef®cients were obtained between differential

Ramachandran maps and mean B-factor maps for sub-classi-

®cations of residues according to Fig. 3: rcross, helix & strand = 0.33,

rcross; 310-helix = 0.35 and rcross, no secondary structure = 0.46, respec-

tively. These correlation coef®cients support the view that

backbone segments with higher B factors are more likely to be

assigned conformations outside the identi®ed conformational

attractors. It is not clear, however, whether higher B factors

indeed correspond to true ¯exibility or merely re¯ect posi-

tional errors. Thus, the relationship between conformational

¯exibility and conformational preferences has to remain

inconclusive.

4.3. Peptide-bond planarity

Traditionally, the backbone dihedral angles ' and  have

been assigned greatest importance in determining the

conformation of polypeptide chains, whereas bond angles and

distances can be assumed as largely constant. The third

distinct dihedral angle along a polypeptide chain, !, which

measures the planarity of the peptide bond, is commonly

assumed as 180� (for trans-peptide bonds) in agreement with

the partial double-bond character of the peptide bond.

However, signi®cant variations in ! have been observed in

high-resolution structures with a mean value slightly below

180� and a standard deviation of about 6� (MacArthur &

Thornton, 1996). In low-resolution structures, peptide bonds

which may in reality be non-planar may initially be modeled

into the protein chain as planar. Adjustments to maintain an

agreement with the electron-density map may then be

propagated to ' or  , possibly explaining trends out of certain

'/ regions. In a survey on peptide-bond planarity, Mac-

Arthur & Thornton (1996) reported an unexpected depen-

dence of ! on ' and  . In Fig. 9, we provide an analysis of that

dependency for both the preceding and the succeeding ! angle

relative to ' and  associated with a central residue. Clearly,

the mutual dependence of main-chain dihedral angles cannot

be ignored. Furthermore, there is a remarkable directionality

in the '/ ÿ! relationship, as the map for the preceding !
differs substantially from the map for the succeeding !. Within

�-helices, ! values smaller than 180� can be rationalized with

regard to carbonyl bonds then pointing more outwards from

the helix axes and allowing the formation of additional

hydrogen bonds to water or other intra-protein hydrogen

donors. An explanation for consistent deviations from

peptide-bond planarity for other regions of the Ramachan-

dran map is less obvious and a separate investigation appears
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Figure 8
Mean standardized temperature B factor as a function of backbone
conformation. Data represent statistics of B factors for the C� atomic
position of a each residue in the database with backbone conformation '
and  and compiled in 15 � 15� bins shifted at a 5� register with at least
25 measurements contained in each cell.
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worthwhile. In conclusion, strictly planar peptide bonds may

often be in error and may contribute to the '/ frequency

shifts reported in this study.

4.4. R factor versus free R factor

We observed that the convergence of backbone dihedrals to

distinct conformational attractors with improved resolution is

not equally sensed by the R factor as compared with the free R

factor as a structure-quality indicator (Table 2). In our inte-

grated approach of analyzing general trends in the Protein

Data Bank, this observation adds to the reports on failures to

correctly recognize structural errors in individual protein

structures (Kleywegt & Jones, 1995). The R factor can be

diminished arti®cially by over®tting the data, for instance by

placing solvent molecules or by excluding re¯ections, without

actually improving the accuracy of the protein model (Kley-

wegt & Jones, 1997). The better suitability of the free R factor

as a quality criterion has shown by several studies (BruÈ nger,

1997) and is documented here from a different more gener-

alized perspective.

Finally, it needs to be cautioned that non-canonical '/ 
values may re¯ect real strained backbone conformations

(Gunasekaran et al., 1996; Karplus, 1996) which cannot be

relaxed as other stabilizing interactions dominate, and may

not be identi®ed as errors automatically. The recognition of

such real strained conformation does, however, require a

thorough examination of each individual case.

5. Conclusions and availability

Differential Ramachandran maps have been introduced which

correlate the relative frequency of main-chain torsion angles

with crystallographic parameters, in particular with the reso-

lution at which the proteins were determined. Despite the

conceptual simplicity of this approach, the following insightful

information was yielded from this analysis.

(i) As the resolution of protein structure determination

improves, backbone conformations are increasingly drawn

towards only a few conformational attractors revealed in the

differential Ramachandran maps. As this limits the confor-

mational space, computational methods for modeling protein

structures should bene®t.

(ii) Frequency distributions of '/ angles were observed to

still be subject to change, even at the present state-of-the-art

resolution level. Therefore, the true frequency distribution

remains to be determined.

(iii) Helical N-termini preferably adopt regular �-helical

conformations in high-resolution structures.

(iv) The polyproline(II)-state represents a strong confor-

mational attractor for residues not involved in regular main-

chain±main-chain hydrogen-bond networks.

Figure 9
Mean main-chain dihedral angle ! as a function of ' and  of the succeeding (left panel) or preceeding (right panel) amino-acid residue. ! is de®ned as
the dihedral angle created by the successive atomic positions of C�,i, Ci, Ni + 1 and C�,i + 1, where i denotes the residue number. Data represent statistics
for 15 � 15� bins shifted at a 5� register with at least 25 measurements contained in each cell.



(v) The free R factor provides a more sensitive measure-

ment of structural quality than the conventional R factor.

The general resolution-based differential Ramachandran

map (Fig. 1b) has been integrated into WebMol, an online

Java-based PDB viewing and analysis program (Walther, 1997;

http://www.cmpharm.ucsf.edu/cgi-bin/webmol.pl). As actual

backbone conformations can be compared with reference to

this map, it may facilitate the identi®cation of suspicious

backbone conformations and may therefore prove a helpful

tool during the structure-determination process and in protein

model building. Differential Ramachandran maps for all 20

amino-acid types are available at http://www.cmpharm.

ucsf.edu/~walther/map.html.
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