
X-Ray crystallography is a technically sophisticated but 
conceptually simple-minded method with the great advan-
tage that, to a �rst approximation, its results are indepen-
dent of whatever preconceptions we bring to the task.  �is 
was very fortunate in the case of proteins, because it is un-
likely that we could ever have successfully made the jump 
to such elegant and complex structures as those shown in 
Figs. 1 and 2 if we had been obliged to rely on more logi-
cal and indirect methods. For small inorganic and organic 

molecules indirect inference had succeeded magni�cently, 
so that X-ray crystallography provided no startling revela-
tions but only a prettier and more accurate picture of what 
was already known. However, even a�er knowing what the 
answer should look like for proteins, 20 years of e�ort has 
failed to derive three-dimensional protein structures from 
spectroscopic and chemical data or from theoretical calcu-
lations.
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 I. BACKGROUND

A.  Introduction

FIG. 1. Schematic drawing of the polypeptide backbone of ribonuclease S (bo�ine 
pancreatic ribonuclease A cleaved by subtilisin between residues 20 and 21). Spiral 
ribbons represent �-helices and arrows represent strands of � sheet. �e S peptide 
(residues 1-20) runs down across the back of the structure.
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[Even after 40 years, we have made signi�cant progress but 
still have certainly not solved the problem of predicting struc-
ture from sequence. The biggest change has been homology 
modeling: if a structure is known for a related sequence, which 
is now increasingly likely, then an approximate structure can be 
built which is useful for many purposes. De novo prediction is 
now sometimes quite close, but is certainly not reliable or rou-
tine. The prediction e�ort has been enhanced, and can be fol-
lowed, through the Critical Assessment of Structure Prediction 
(CASP) competition (e.g., (Tramontano and Morea, 2003).]

Before the �rst X-ray results, protein structure was visu-
alized in terms of analogies based on chemistry and math-
ematics. �e models proposed were relatively simple and 
extremely regular, such as geometrical lattice cages  (Wrin-
ch, 1937), repeating zigzags (Astbury and Bell, 1941), and 

uniform arrays of parallel rods (Perutz, 1949). In light of 
these very reasonable expectations, the low-resolution X-
ray structure of myoglobin (Kendrew et al., 1958) came as a 
considerable shock. Kendrew, in describing the low-resolu-
tion model (see Fig. 3), says �Perhaps the most remarkable 
features of the molecule are its complexity and its lack of 
symmetry. �e arrangement seems to be almost totally lack-
ing in the kind of regularities which one instinctively an-
ticipates.� Perutz was even more outspoken about his initial 
disappointment: �Could the search for ultimate truth really 
have revealed so hideous and visceral-looking an object?� 
(Perutz, 1964)

In the last 20 years we have learned to appreciate the 
aesthetic merits of protein structure, but it remains true that 
the most apt metaphors are biological ones. Low-resolution 
helical structures are indeed �visceral,� and high-resolution 
electron-density maps (for instance, see Fig. 13) are like 
intricate, branched coral, intertwined but never touching. 
� sheets do not show a sti� repetitious regularity but �ow 
in graceful, twisting curves, and even the �-helix is regu-
lar more in the manner of a �ower stem, whose branching 
nodes show the in�uences of environment, developmental 
history, and the evolution of each separate part to match its 
own idiosyncratic function.

�e vast accumulation of information about protein 
structures provides a fresh opportunity to do descriptive 
natural history, as though we had been presented with the 
tropical jungles of a totally new planet. It is in the spirit of 
this new natural history that we will attempt to investigate 
the anatomy and taxonomy of protein structures.

FIG. 2. Stereo drawing of all nonhydrogen atoms of basic pancreatic trypsin inhibitor. 
�e main chain is shown with heavy lines and side chains with thin lines.

FIG 3. Electron density contours of sperm whale myoglobin 
at 6 ¯ resolution.



B. Amino Acids and Backbone Conformation
A protein, of course, is a polypeptide chain made up of 

amino acid residues linked together in a de�nite sequence. 
Amino acids are �handed� (except for glycine, in which the 
normally asymmetric �-carbon has two hydrogens), and 
naturally occurring proteins contain �-amino acids. �at 
handedness has far-reaching e�ects on protein structure, as 
we shall see, and it is very useful to be able to distinguish 
the correct form easily.  A simple mnemonic for that pur-
pose is the �corncrib�, illustrated in Fig. 4. Looking from 
the hydrogen direction, the other substituents around the 
&alpha;-carbon should read CO�R�N in a clockwise di-
rection (R is the side chain). �reonine and isoleucine have 
handed �-carbons. A mnemonic for both of them is that if 
you are standing on the backbone with the hydrogen direc-
tion of the �-carbon behind you, then your le� arm is the 
heavier of the two branches (the longer chain in Ile and the 
oxygen in �r).

�e sequence of side chains determines all that is 

unique about a particular protein, including its biological 
function and its speci�c three-dimensional structure. Each 
of the side groups has a certain �personality� which it con-
tributes to this task [see Richardson and Richardson (1989) for 
a more extensive discussion of amino-acid roles.]. Histidine is 
the only side chain that titrates near physiological pH, mak-
ing it especially useful for enzymatic reactions. Lys and Arg 
are normally positively charged and Asp and Glu negatively 
charged, those charges are very seldom buried in protein in-
teriors except when they are serving some special purpose, as 
in the activity and activation of chymotrypsin (Blow et al., 
1969; Wright, 1973).   Asparagine and glutamine have in-
teresting hydrogen-bonding properties, since they resemble 

the backbone peptides. �e hydrophobic residues provide 
a very strong driving force for folding, through the indirect 
e�ect of their ceasing to disrupt the water structure once 
they are buried (Kauzmann, 1959); they also, however, af-
fect the structure in a highly speci�c manner because their 
extremely varied sizes and shapes must all be �tted together 
in very e�cient packing (Lee and Richards, 1971). Proline 
has stronger stereochemical constraints than any other resi-
due, with only one instead of two variable backbone angles, 
and it lacks the normal backbone NH for hydrogen bond-
ing. It is both disruptive to regular secondary structure and 
also good at forming turns in the polypeptide chain, so that 
in spite of its hydrophobicity it is usually found at the edge 
of the protein. Glycine has three di�erent unique capabili-
ties: as the smallest side group (only a hydrogen), it is o�en 
required where main chains must approach each other very 
closely; Gly can assume conformations normally forbidden 
by close contacts of the �-carbon; and it is more �exible 
than other residues, making it valuable for pieces of back-
bone that need to move or hinge.

�e basic geometry of amino acid residues is quite well 
determined from small-molecule crystal structures (see 
Momany et al., 1975; [also Engh and Huber, 1991; Engh and 
Huber, 2001]). In terms of the accuracy of protein struc-
ture determinations, all of the bond lengths are invariant. 
Bond angles are also essentially invariant, except perhaps 
for �, the backbone N�C��C angle (see Fig. 5). �e �-
carbon is tetrahedral, which would give 110°, but there are 
indications from accurately re�ned protein structures (e.g., 
Deisenhofer and Steigemann, 1975; Watenpaugh et al., 
1979) that � can sometimes stretch to larger values in or-
der to accommodate other strains in the structure. [This has 
indeed been con�rmed (e.g., Karplus, 1996). Other bond angles 
are also now standardly treated as variable, which is certainly 
realistic at least up to variations of 2-3° (Lovell et al., 2000).]

�e dihedral angle � at the peptide is very close to 180° 
(producing a trans, planar peptide with the neighboring �-
carbons and the N, H, C, and O between them all lying in 
one plane), but there is evidence that � can also vary slightly 
in real structures. Cis peptides, with � = 0°, can occur per-
haps 25% of the time in prolines [actually, more like 5-10% 
of the time] but essentially never for any other residue. �e 
proline ring is not quite �at, and occasionally protein struc-
tures are now being re�ned accurately enough to determine 
the direction of ring pucker (e.g., Huber et al., 1974). [Ring 
puckers are now usually assigned for Pro. The best evidence is 
that they should be either C� exo or C� endo (NØmethy et al., 

FIG. 4. �e �corncrib�: A mnemonic for the handedness of atomic posi-
tions around the asymmetric �-carbon in naturally occurring �-amino 
acids. Looking down on the �-carbon �om the direction of the hydro-
gen atom, the other branches should be CO�R�N, reading clockwise 
(i.e., carbonyl, side-chain R, then main-chain N).
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1992).] In the following discussions we will for the most part 
ignore possible e�ects such as proline ring pucker and varia-
tion in � and �.

�e remaining dihedral angles are the source of essen-

tially all the interesting variability in protein conformation. 
As shown in Fig. 5 the backbone dihedral angles are � and � 
in sequence order on either side of the �-carbon, so that � is 
the dihedral angle around the N�C� bond and � around 
the C��C bond. �e side chain dihedral angles are �1, �2, 
etc. �e four atoms needed to de�ne each dihedral angle 
are taken either along the main backbone or out the side 

chain, in sequence order: N, C�, C, N de�ne � and N, C�, 
C�, C� de�ne �1. �e sign, or handedness, of any dihedral 
angle is de�ned as shown in Fig. 6: looking directly down 
the central bond (from either direction) and using the front 
bond as a stationary reference to de�ne 0°, then the dihe-
dral angle is positive if the rear bond is clockwise from 0° 
and negative if it is counterclockwise. �e choice of refer-
ence atom (IUPAC-IUB, 1970) for side chain branches is 
made according to consistent chemical conventions, but it 
produces confusing results for the branched �-carbon resi-
dues since �1 of 180° for Val puts its two C� atoms in the 
same position that the branches of Ile or �r would occupy 
for �1 = -60°.

�e parameters � and � are the most important ones. 

An extremely useful device for studying protein confor-
mation is the Ramachandran plot (Ramachandran et al., 
1963) which plots � and �. Figure 7 plots � vs � for each 
nonglycine residue in eight of the most accurately deter-
mined protein structures (also picked to be representative 
of the various structure categories); Fig. 8 plots the glycine 
� vs � from 20 proteins. �e glycine plot is approximately 
symmetrical around the center, because glycine can adopt 
both right-handed and le�-handed versions of any allowed 
conformation; however, there are some deviations from 
that symmetry, such as the di�erent shapes and positions 
of the le�- and right-handed � clusters. [Figures 7x and 8x 
give updated plots with more accurate and much larger datas-
ets.  Lovell et al. (2003) also show plots for the distinctly di�erent 
cases of Pro and pre-Pro.]

***[Cautionary note: the conventions for naming and displaying � 
and � have been changed twice. �e original version in Ramachandran 
et al. (1963) de�ned � (called ��) in the same way as it is now used but 
de�ned � as � + 180°, so that the Ramachandran plot (with 0°,0° at the 
bottom le�) had the �-helix in the upper le� quadrant. Between 1966 
and 1970, Ramachandran plots looked the same way they do now, but 

[Kinemage Insert
The web version contains an active display at this point.  The 
image below is a screenshot of the initial state of the display.  
The kinemage shows the dihedrals of a tripeptide.]

FIG 5. A key to standard nomenclature for the atoms and the more 
important bond angles and dihedral angles along the polypeptide 
backbone. Atoms of the central residue are without subscripts.

FIG. 6. Standard con�ention for de�ning dihedral angles, using four 
atoms in sequence order either along the main chain or along the major 
branch of the side chain. Looking along the bond between the central 
two atoms (in either direction), use the end atom in �ont as the 0° 
angle reference. �en the dihedral angle (marked �) is measured by the 
relative position of the end atom in back (positive if clockwise, negative 
if counterclockwise) with respect to the reference atom position.




