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Recap
• Secondary structure thermodynamics 
• Alpha helices 

• Local interactions, fast folding 
• Energy/entropy balance 
• Helix-coil co-existence 

• Beta sheets 
• Non-local interactions, slow folding 
• Natural sizes (length/width) for stability! 
• All-or-none phase transition



Outline today

• Looking at real proteins 

• Complex assemblies from simple 
α-helix/β-sheet building blocks  

• Supersecondary structure & “motifs” 

• Fibrous proteins 

• Globular proteins 

• α-helix, β-sheet proteins 
• Mixed structures



Types of proteins

Hemoglobin
Water-soluble  
(“globular”)

Rhodopsin
Membrane protein

Keratin
Fibrous protein

“Building material”



http://www.ks.uiuc.edu/Research/vmd/
Tools for studying protein structure: VMD

Several representations 
of hemoglobin

http://www.pymol.org


Fibrous proteins
• Structural building blocks 

•  Less specific biological function 

• Microfilaments, tubules 

• Fibrils, Hair, Nails,  
Shells, Claws, etc. 

• Often large proteins 

• But aggregates of them are even larger 

• Regular, simple interactions (like H-bonds)



Silk fibroin
• 80% antiparallel β-sheets 
 

• hydro-phobic/philic surfaces 

• Quasi-crystals

GlyGly Gly
Ser Ala Ala( )



Collagen
• Triple-chain helix 

• (Glycine-Proline-Proline)n 

• No hydrogen bonds within chains 

• 25% of the protein in your body!  

• Bone, teeth, skin, etc. 

• 15Å wide, ~3000Å long 

• Aggregates into larger  
quaternary structures



Collagen

• Chains are not identical (2+1) 

• 3 chains form a superhelix 

• Superhelices aggregate to fibrils 

Dentin fibrils in tooth

Mutations G->X cause  
brittle-bone disease



Coiled coil helices
• Associated α-helices 

• Normally 2, but sometimes 3 or more 

• Myosin proteins in muscles 

• Often 3.5 residues per turn instead of 3.6 Why?
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Helix geometry

• Ridges on surface of helix 

• i, i+3, i+6 (45 deg): 

• i, i+4, i+8 (-25 deg): 

• What happens when 
two helices interact?



Helix packing
• Try packing helices by rotating so that the i,i+3 

ridge of one is parallel to i,i+4 of the other 

• Leads to very tight contact for long helices 

• Predicted by Francis Crick, 1953



α-Keratin

• Entire protein is a coiled coil 

• Every 7th residue is Leucine (red) 

• Packed, 20 degree angles 

• “Leucine zippers” 

• Hydrophobic sidechains pack 

• 11% of the residues are Cystein 

• Stabilization by disulphide  
bonds of thiol groups



α-Keratin
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Elastin
• Highly elastic fibrous protein 

• Similar to collagen, but  
~10% helix, 45% sheet, 45% coil 

• Cross-linked by modified Lysine 

• Deficiency in Lysine-modifying 
enzymes can lead to loss of 
elasticity of vessels, and in worst  
case aorta rupture!

Real aorta vs.  
elastin biomaterial



Globular proteins

All α-helix
(hemoglobin again)

All β-sheet

Mixed helix/sheet



Protein topologies

Structure

3D cartoon

Topology 
cartoon



Globular β structure

• β-structures are simple 

• Only continuous sheets 

• 1-2 stacked sheets 

• Antiparallel sheets dominate 

• Sheets are slightly twisted  

• Parallel sheets typically have 
right-handed geometry of the  
cross-over coil (left very rare) 



β-sheet packing
Orthogonal Aligned 

“β sandwich”: Immunoglobulin “β cylinder/barrel”: FABP 



β-sheet topologies
γ crystallin (eye lens)



Greek keys

pre-Albumin



FABP
• Fatty acid binding 

protein 

• h-phobic shielding 

• Hydrophilic outside, 
Hydrophobic inside 

• Binds oleic acid here 

• β-meander motif



Topology composition

• Only limited amount of topologies observed 

• Examples: 

• Almost never see mixed parallel &  
anti-parallel β-sheets 

• Left-handed crossover form sheets rare 

• Properties of amino acids limits conformations 

• Stable proteins require stable building blocks



Topology features

• Anti-parallel β-sheets most abundant 

• Based on hairpins 

• Likely much easier (faster) to form 

• Loops do not overlap 

• Knots are not allowed

Pepsin is an exception...



Topology features
• Some supersecondary structures much more 

common than others!
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Dimerization
Hydrogen bonds 
between sheets of  
different monomers
drive association



α-helices vs. β-sheets

Local h-bond interactions
Rigid & isolated helix cylinders
Few h-bonds between helices

=>Few constraints

Non-local h-bonds
Flexible, interacting strands

All h-bonds between strands
=> Lots of constraints



3D-organization

Parallel or antiparallel
layers of β-sheets

Only requirement is 
packing of helices



Helical diversity

• Helical structures exhibit more diversity, 
and are harder to classify than all-β 

• Even more true for mixed structures

Hemoglobin KcsA K-channel Hemerythrin



4-helix bundles

Cytochrome C TMV Coat protein
(Tobacco Mosaic Virus)

Hemerythrin
binding oxygen

Note: Neighbor helices are anti-parallel!



Cytochrome folds

• Diverse domain, often carries  
out electron transport or  
binds metals 

• Cytochrome domains are 
extremely abundant in  
Shewanella Oneidensis MR-1, 
a bacterium that can bind 
heavy metals



Tobacco mosaic virus

Structure proposed by 
Rosalind Franklin, 1958



Hemoglobin

Heme group 
(Porphyrin+Fe)



Hemoglobin

Single unit - globin fold

• 6 alpha helices 
• Almost like two layer 
• Binds heme group in 

pocket 
• Myoglobin: similar 

monomer 
• Why? Difference between 

Hemoglobin & Myoglobin?



Hemoglobin intron/exons
DNA

Exon 1 Exon 2 Exon 3

Exon 2 binds a heme  
group even when expressed 
isolated from exons 1 & 3,
but it does not bind O2.
(Craik, Nature 1981)

Note that the exons do  
not correspond to domains  
or even secondary structure!



i,i+4 ridges
(-25° tilt)

i,i+3 ridges
(+45° tilt)

Helix ridges/grooves



Helix pair packing

   

P1: rpk/MKV P2: SDA/vks QC: rpk/AGR T1: rpk

February 25, 1997 15:36 Annual Reviews AR031-21 AR031-21

616 CHOTHIA ET AL

-50° or +20°



Hydrophobic moment

Many helices are amphiphilic 
Used for protein design, e.g. heme binding (artificial blood!) 
Amphiphilic helices are used as emulsifiers in many low-calorie 
products, but there is one big drawback - can you guess what?



Mixed α and β domains

• Cannot mix single β-strand directly with 
α-helices 

• Two types of mixed structure: 

• α/β: Alternating helix & sheet (how?) 

• α+β: Separate helix & sheet parts



α/β structure
• Mainly parallel β-strands (h-bonding) 

• Adjacent, but separate, α-helices 

• βαβαβαβα...

TIM barrel Alcoholdehydrogenase



Rossman folds
• βαβαβ motif  

• Common for binding nucleotides, 
NAD cofactors 

• Michael Rossman, 1973



α/β structure interior
• Normally two hydrophobic cores 

• TIM: 

• Between sheets and helices 

• Inside sheets 

• Rossman: 

• On both sides of sheet

Common as binding sites



α+β structure
• Mainly anti-parallel β-strands 

• 1: Alternating pairs of helices & strands 

• ββααββββααββββααββ...  

• 2: Helices in separate regions 



DNA-binding α+β proteins
Zinc finger: stabilized  
by bound Zinc ion 
DNA-binding motif

TATA-binding protein 
Binds to DNA 5'-TATAA-3' 
to initiate transcription: 
separates DNA strands



Irregular structures?

Neurotoxin from 
Brazilian scorpion



How many folds exist?

• Even proteins with unrelated sequences seem to 
“reuse” the basic structural building blocks 

• Chotia 1992:  
1000 folds? 

• Today:  
1300 & growing (slowly) 

• Fold space is limited!

sequences, and we plan further tests with data sets having a wide
variety of linking patterns.

An important property that distinguishes the weighted chain
method from clustering is that it can be used on a subset of the data.
Using the weights of a small random subset, just 2% of the
sequences gives estimates of NW

25 that are accurate to 5%. The time
dependence of the estimated NW

25 is also accurate after year 1990,
and better results can be obtained by averaging over five different
random subsets. It would be interesting to calculate the value of NW

25

for all known sequences and use this to estimate the total number
of SCOP families, superfamilies, and folds that would be found were
all these sequenced proteins to have their structures solved. The
current National Center for Biotechnology Information nonredun-
dant database contains !3,000,000 sequences and a total number
of residues that is !120 times larger than the corresponding
database of unique chains from the PDB. Using FASTA on all these
pairs would require 1202 more computer time than the 200 days
used by the PDB all-vs.-all comparison; this is close to 3,000,000
days or 8,000 years on an Intel Xeon 2.8-GHz processor. Using a
random subset of 1,000 query sequences would require 1,000/
3,000,000 " 0.03% of the sequence comparisons, take 60 days, and
give an estimate of NW

25 accurate to a few percent.
A potential deficiency of our study is that we use the polypep-

tide chain in a PDB file as the basic unit. SCOP uses domains that
are found by examination of the structure; using their definitions
would make objective comparison with SCOP impossible and
would also mean we had to wait for the SCOP domain defini-
tions. We can parse chains into domains using sequence align-
ment. If disjoint regions of a long chain are sequence-matched
to other chains that do not show any match to one another, then
the long chain can be split into domains. Preliminary tests of
automatic splitting with a 40% sequence identity threshold give
a total of 51,765 chains versus the original number of 44,220

chains and has a reassuringly small effect on the results presented
here. Correct parsing of chains into domains is difficult (20–22).

As noted in Results, the rate of growth of SCOP categories
with deposited novel structural data as measured by NW

25 is
slowing down (the ratio NFAM/NW

25 is decreasing in Fig. 3b). If a
similar plot is drawn for the most recent CATH 3.0.0 classifi-
cation (23), the effect is more marked, probably because many
of the most recently deposited PDB files are not being classified
by CATH. It is not clear whether this is a property of cluster-
based classification in general or of the SCOP classification in
particular. In a preliminary test, we find NC

25/NC
50 decreases with

time but by #1/3 of the decrease in NFAM/NW
25; a proper test

requires a more sensitive method of detecting chain similarity.
The present method of detecting similarity by using pairwise

sequence alignment is not sensitive enough. It would be prefer-
able to use more sensitive matching methods that use multiple
sequences (like PSI-BLAST; ref. 24). One could also match
known structures using structural alignment (25). Parsing the
chains into structural domains could be done as described above
for sequence matching and augmented with automated domain
finding programs (26).

It would seem that fitting the growth of the SCOP categories to
the weighted chain count, NW

25 (Fig. 3b), allows one to estimate the
total number of SCOP folds as NW

25 becomes very large. This is a
question that has received a great deal of attention since Chothia
(11) suggested that there are #1,000 protein folds in all biology.
Follow-up work (27) showed that with better assumptions, the
number must be substantially larger. Since then, the estimated
number of folds has varied from 650 (28) to $10,000 (29), with
many other estimates in between these extremes (30–37). From the
saturating function fit in Fig. 3b, we find that the maximum value
of NFOL is 1613. Any extrapolation assumes that the selection of
proteins for structure determination will continue as it was in the
past, which is unlikely. In fact, the smooth dependence of the size
of SCOP categories on the number of released PDB files (Fig. 3a)
is surprising because the priorities for selecting proteins for struc-
ture determination have changed greatly over the past three
decades.

Estimating the Contribution of SG. Protein SG centers began con-
tributing structures to the PDB 10 years ago. Initial growth was very
slow, and by the year 2000 only 36 out of 11,802 PDB files could be
traced to SG (SI Table 1). Over the next six and a half years, an
additional 3,134 SG files were deposited. More than half of this
growth (1,918 PDB files) has occurred since October 1, 2004, the
date of the most recent SCOP release (1.69). Clearly, one needs a
better way to estimate the contribution of SG than waiting for
SCOP. In their study, Chandonia and Brenner (16) estimated the
contribution of SG by counting chains that are unique at a 30%
identity threshold, by counting occurrences in SCOP 1.67 (dated 15
May 2004) and by counting the number of new PFAM families.
They concluded that in the year 2005, SG centers had contributed
about half the first structures in a protein family. In Fig. 4b, we show
that the SG contribution to NW

25 over this same period is 50%. More
importantly, we show that in the subsequent 18 months to August
20, 2006, this level remained steady. We estimate SG centers to have
contributed half of the SCOP families, superfamilies, and folds in
the two and a half years since January 1, 2004. It will be very
interesting to see how these estimates compare with the real
numbers that are likely to be available soon in the next release of
SCOP. An earlier study by Todd et al. (38) used very time-
consuming manual inspection of three-dimensional structures re-
leased and was only able to study proteins deposited into the PDB
by July 31, 2003. From Fig. 4b, it is clear that by that date, the
contribution of SG to novel structure was !25% or half its current
value.

Is the increasing contribution of SG to novel protein structures
causing a decrease in the novelty of non-SG structures? This is

Fig. 4. Growth of sizes of SCOP categories with and without structural
genomic data since 2000. (a) Influence of the worldwide SG initiative on the
growth of protein structural data. With the SG data, growth is more rapid but
even this growth rate has fallen recently (Fig. 2b). The white dots show the real
SCOP count before October 2004; the solid lines and filled circles show
estimates of the growth of families, superfamilies, and folds from the growth
in NW

25 or NW(SG%)
25 . Release dates are used here. (b) Percentage of nonredundant

sequence data (NW
25) in PDB files deposited in the preceding year that comes or

does not come from SG. Before the year 2000, almost all data were unrelated
to SG projects; since 2004, almost half the data have come from SG.

3186 ! www.pnas.org"cgi"doi"10.1073"pnas.0611678104 Levitt

2006200420022000 2001 20052003

Levitt, 2007



How stable are folds?
• Sequence determines tertiary structure 
• Folds seem to be quite stable against mutations 
• We “know” that similar sequences share structure 
• Protein alchemy by  

Lynne Regan, 1997:  
By changing less than 50%  
of residues, it was possible  
to turn a β-protein into a  
four-helix bundle α-protein...



Summary of structure:
• Book chapters 11,13 & 14 

• Fibrous: Collagen, Silk, Keratin, Elastin 

• β proteins: Greek keys, dimerization 

•    α-helix proteins: Globin and other folds 

• Larger diversity than β-proteins 

•    α/β proteins: TIM barrel, Rossman fold 

•    α+β proteins: Nuclease, Zinc fingers 

•    Supersecondary structure


