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Large & Complexx-helical Domains

Several enzymes have been found to
contain domains as large as 300-400
residues consisting of more than 20 &-
helices packed together to form a
complex structure resembling a
doughnut or horseshoe.

Observed in bacterial muramidase.
Where N-terminal 450 residues form
such a structure containing 27 &-helices.

In muramidase, the catalytic domain lies
at the top of the ring, the function of the
ring structure is not known, but it may
play a role in substrate specificity.

Soluble E. coli lytic transglycosylase

(70KDa) [PDB# 1SLY]




The Globin Fold

The Globin fold is one of most
important O structures.

Found in large group of proteins:
myoglobin, hemoglobin, phycocyanins
and algal ligh-harvesting centers.

Relative orientation of interacting
helices in the globin fold is distinct
from that found in coiled-coils and
helical bundles.

5
Globin fold is a bundle of 8 helices
(labeled A-H) linked by relatively
short connecting loops.
Orientation and positioning of
helices creates a pocket for the
active site Sperm Whale Myoglobin: PDB# |1 VXF
. Sperm Whale
The Globin Folds
= & PDB# | VXF
In myoglobin, helix length ranges
from 7 residues in helix (C) to 28 i

residues in helix (H). re ad & -
Majority of packing interactions J A" .

occur between pairs of helices that
are not sequentially adjacent, with
helices (G) and (H) being and
exception. heix 1 feix 1

I, -
Geometry of helix orientation in /0 0/ : 7/“ c/ /“ G'/
globin fold reflects packing scheme: ° 4 P Lol Pt
ridge and groove - helices pack at ¥ A o, ® R/ Sl
o . 5°Q € 250" / (S 2 / S
~50° relative to each other. P e o~ /‘_’ / / /5 /
e ¥ ¢ ¢ o @ ¢ ®

/n a /a

1 2




Globin Fold has been Pgeserv

Sperm Whale
Myoglobin: PDB#
I VXF

Hemoglobin and myoglobin figure prominently in our o
understanding of proteins.

Globin domains have been observed in proteins from
diverse organisms: mammals, insects, and plants.

Demonstrate varied amino acid sequence homology
(16% - 99%). Provides and example of conservation
of fold.

Hydrophobic interior is preserved in each case.

In comparing sequences of proteins with globin fold:

- Sequence conservation and siz-compensa
mutation in hydrophobic core are not important.

- Strong preference for hydrophobic residues in bui
positions (59 such positions in globin). -no s
conservation in surface/exposed positions.*

- Helix movement can accommodate mutations
buried positions.

- Loop Rexibility allows one or more helices to st
without causing other helices to shift as well.

- Important to maintain integrity of active site.

Hemoglobin

Hemoglobin is a tetrameric protein, consisting
of two different kinds of polypeptide chains (2
« subunits and 2 B subunits).

Single erythrocyte contains hemoglobin at a
concentration of 340 mg/ml.

Sickle-cell anemia is an inherited disease
involving a Glu—Val mutation at a surface
position (6th residue) in hemoglobin B subunits.

The position is solvent exposed tetrameric
protein.

Mutation promotes polymerization of
deoxygenated hemoglobin within erythrocytes
(does not promote aggregation of oxygenated
form.

Hemoglobin aggregate fibers give erythrocyes
their characteristic cycle shape.

Lethal for homozygotes for disease.

Gives increased resistance to malaria.




/B Structures
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Chapter 4

o/PB Structures

® In the known proteins, /B domains, consisting of a central
parallel or mixed P sheet surrounded by « helices, are the
most common domain structures.

® In most /B domains, binding/catalytic sites are formed by
loop regions.

® Three main classes of &/B domains:

I. /B barrel - centralp sheet forms a barrel structure with aff
strands twisting around like barrel staves. Connectinlgelices
are on outside of the barrel.

2. Consists of a twistedB sheet Ranked on both faces
connectingx helices.

3. Leucine-rich motif - contain repetitive regions with a conser
pattern of Leu residues. Consists of a central twisfedheet
with o helices on outer surface (horseshoe fold).

® All are assembled from B-&-B motifs.

Introduction to Protein Structure, 2ngpdl8, 56




o/PB Structures

® All o&/B structures are assembled from B-c-fB motifs.

® Two fundamentally different ways that two B-&- motifs can

be arranged to form a 4-stranded parallel 8 sheet. R 4, tn) ad
' / 5~ |\

QU S <

[. In the barrel and horseshoe structures, consecutifex-p

motifs connected in such a way that the motifs are simi f\ ff f f\ff O
oriented. "t JAd R A J

2. In the open-twisted sheet, consecutivB-a-f motifs are
connected in such a way that the secopdx- motif is Rippec
and turned around resulting i helices being placed on bc
faces of the twisted sheet.

® Nearly all B-&-B motifs are right-handed.

matif 1 motif 2

i) miotif 2 miolif 1
& EEOF R
T |
B B B B

WL R

Introduction to Protein Structure, 2ngpdl8, 49

Introduction to Protein Structure, 2ngpdg

o/ Barrel

In /B structures where the strand order is | 2 3 4, all
connecting helices lie on the same face of the sheet. Such an
arrangement would leave the other face of an isolated open
twisted sheet exposed to solvent.

Usually forms a closed barrel (assembled from twisted
strands) with connecting & helices on the outside of the barrel.

More than four B strand are required to form a closed barrel
(usually 8 strands and sometimes 10 strands).

In almost all &/B barrels, the cross-connections between
strands consist of & helices, with there often being an additional
o helix after the last strand.

At a minimum of 200 residues, the eight-stranded o/ barrel is
one largest domain structures.

I. Very common structure, found in many different proteins. Anr
acid sequence varies signibcantly, but the cdfebarrel structure
is conserved.

2. Depending on protein, connecting loop regions can have v.
lengths and amino acid composition. (in some loops may folc

distinct domains. Triosephosphate Isomerase from
Giardia lambig@eDB#2DP3]




/B Barrel Core

In /B barrels, hydrophobic side chains from the & helices pack against hydrophobic
side chains on the outer surface of the B sheet.

As is characteristic of all B sheets, the side chains of
consecutive residues are oriented on opposite faces of
the P sheet.

Every second residue contributes to the hydrophobic
surface that packs against the helices.

Other side chains of the B strands are directed
inwards towards the hydrophobic core of the barrel.

Packing interactions between & helices and B strands
are dominated by residues with branched hydrophobic
side chains (i.e.V, | and L account for ~40% of residues
in the B strands in the parallel B sheets).

Bulky hydrophobic residues from positions 1,3 and 5 of the B strands fill the interior of
the barrel. Form a tightly-packed hydrophobic core.

Polar and charged residues (R, K and Q) terminate some of the strands. The
hydrophobic/aliphatic portion of these side chains of residues in these positions
contribute to hydrophobic core.

P;/ruvate Kinase

All Rnown 8-stranded o/ barrel domains have enzymatic
functions, such as:

- Isomerization

- Oxidation

- Phosphate transfer
- Breakdown of polysaccharides and oligosaccharides

In some cases the o/P barrel domain is the dominant
structural element, in others the polypeptide chain forms
multiple domains in addition to the a/B barrel.

Even in the multidomain proteins, enzymatic activity
is usually associated with the &/B barrel domain.
Such is the case with pyruvate kinase.

Pyruvate kinase, which catalyzes the transfer of a
phosphoryl group from phosphoenolpyruvate to
ADP is folded into four distinct domains.

In pyruvate kinase the &/ barrel domain is involved
with substrate binding and and provides catalytic
groups.

A domain consisting of an antiparallel B sheet lies within
one of the loops of the central &/ barrel.




Double Barrels and Gene Fusi

® PRA-isomerase:IGP-synthase from E. coliconsists of a
single polypeptide chain that folds to form two «/f barrel
domains.

~}.  PRA-isomerase:IGP- -syntha
from E. coli [PDB#1pii]

® The bifunctional enzymes catalyzes two consecutive
steps in the synthesis of tryptophan.

- The Gterminal PRAI domain catalyzes the conversion
of (50-phosphoribosyl) anthranilate {PRA} too-1
carboxy-phenylamino)-1-deoxyribulose 5-phosph,
{CdRP}. \

- The N-terminal domain catalyzes the ring closure in
CdRP to form indole-3-glycerol phosphate {IGP}.

® |n Bacilus subtjlithese reactions are catalyzed by two
separate enzymes, which have amino acid sequences
homologous to the corresponding regions of the
bifunctional enzyme.

® The analogous protein in Neurospora crassatalyzes three
reactions in Trp biosynthesis. The enzyme contains two
catalytic &/B barrel domains similar to those in the other
organisms, but also contains a third catalytic domain.

® Reflect differences in in genome organization in these
organisms.

Evolution of New Enzyme Activitie

{a) mandelate racemase

substrale —  enolic intermediate r— product

® /B barrels provide insights into the  1ic- cn HC = CH HC = CH
process arising in the evolution of new ¢ HC  cH HC CH
enzyme activities. HC—-c 0O HC — ¢ 5 ___ HC=C
Cc—C — C=C E E C
® Evidence suggests that new enzymes AN » A%
OH H

arise from divergent evolution from
preexisting enzymes.

(b) muconate lactonizing enzyme

(o]

® Greg Petsko et al. studied o/f barrel N - 4
. . o o) CH G “CH C CH
enzymes involved in the conversion of ul " S -
. . O —Ct oO—C
mandelate to benzoate. (a relatively N — e :
recently evolved synthetic pathway). H "o B | 7\

® The first enzyme in this pathway, mandelate racemase, catalyzes the interconversion of the
two optical isomers of mandelate, via abstraction of the proton at the chiral center,
producing an enolic intermediate.

® Petsko found that mandelate racemase is with its &/ barrel is very similar to an muconate
lactonizing enzyme which catalyzes a very different chemical reaction... but the mechanism
of muconate lactonizing enzyme also involves proton extraction from a carbon atom.

® The amino acid sequences of these enzymes showed 26% sequence identity --- indicating
an evolutionary relationship.




Evolution of New Enzyme Activitie

{a) mandelate racemase

substrate —  enolic intermediale — product
A . HC = CH HC=CH HC = CH
The amino acid sequences of these - o ue’ on wd en

enzymes showed 26% sequence identity ./

--- indicating an evolutionary o W c=c/ En__I \

relationship. UH/\H 2 2 AN

Comparison of the sequences of the (6} muwnate lactonizing enzyie

two enzymes revealed significant ©

similarities in their active site residues ' N .

involved with proton abstraction, while & Hv_}'” " L L g S f "

the positions involved in substrate : X -(/*k' — OA(”,( P a T e :

recognition differed. g o~ e R X
H

Suggests that mandelate racemase likely evolved from a preexisting enzyme that catalyzes
proton abstraction and formation of an intermediate. Mutations over time have altered
substrate specificity such that the enzyme now acts upon mandelate.

Preservation of the fundamental chemical process is important for preservation in the
evolution of the new enzyme. ---specificity however can be modified in the process---

Results suggest that specific enzymes evolve from relatively nonspecific enzymes, which
may have existed earlier in evolution or have arisen through random genetic
rearrangements in more specific enzymes. Gene duplication must occur at some point.

| eucine-rich Motifs.........

Leucine-rich motifs consist of tandem repeats of il [PDB# 2bnh]
homologous 20-30 residue right-handed B-loop-& e *\Q{)%

structures.

Such leucine-rich motifs have been identified in
over 60 different proteins ranging from receptors,
cell adhesion molecules, bacterial virulence factors
and proteins involved with RNA splicing and DNA
repair.

In ribonuclease inhibitor a polypeptide chain
consisting of 456 amino acid residues has been
arranged to form a tandem repeat of |5 leucine-
rich motifs (2 flavors: type A with 29 residues and
type B with 28). --also contains two short regions
with nonhomologous sequences at the termini--

Both type A and type B demonstrate similar
pattern of Leu.

Sequential B-loop-t repeats are joined together in
similar way to those in the &/ barrel structures.

The strands form a parallel B sheet - interior
surface of a curved open structure, a “horseshoe”.




| eucine-rich I\/Iotlfsm.ease.m

® With the B strands lining the inner surface of the & [PDB# 2bnh]
helices adorn the outer surface of the open curved
structure.

® « helices are aligned antiparallel to the  strands.

® Hydrophobic packing between outer face of
strands and the inner surface of the O helices.
Unlike o/f barrels, the inner surface is exposed to
solvent.

® The Leu residues of the leucine-rich motifs form
the hydrophobic core between the strands and the
helices.

® |eu residues at positions 2, 5,7, 12, 20 and 24 are
invariant between type A and Type B repeats.
Examination of more than 500 tandem repeats
from 68 different proteins indicates that residues at
positions 20 and 24 may be other hydrophobic
residues (i.e. lle and Val).

® Ribonuclease inhibitor has been used as the basis
for constructing plausible models for other
proteins with leucine-rich motifs.

" Introduction to Protein Structure, 2nghpdh§

o/ Twisted Open Shee - .o

® In o/P twisted open-sheet structures, the connecting & helices are oy
positioned on both faces of the B sheet. O —m— )
® This arrangement:
A e "ﬂ /
I. Precludes formation of a barrel structure. sanie. )
2. Results in two adjacerfh strands in the interior of the sheet (i.€1 : 77‘.. «/4{
and 1) whose connections to the Bankifyystrands are on opposit o \j \_“/

faces of the sheet.

contributing to hydrophobic side chains to pack agamshelices ir

3. «o helices are packed against both faces of the sheet with @attand L{‘i Ca: L) L2
two similar core regions --- one on each side of fheheet.

€ 4 1 3

® One of the connecting loops from one of
these two strands goes above the sheet, while
the the other loop goes below the sheet.

® Pattern of connecting segments results in a
crevice outside the edge of the P sheet
between these loops (B1and Ba).

® Almost all binding sites in &/ twisted sheets
occur in such crevices found at the carboxy
edge of the sheet.

Introduction to Protein Structure, 2ngpdl8, 57




o/p Twisted Open
Sheet Topologies

A

® While o/B-barrel domain structures show the
same basic arrangement of 8 & helices and 8 8
strands, open B-sheet structures show a variety
of topologies

%
il

® Because the P strands form an open twisted
sheet, there are no geometric restrictions of the
number of strands. [generally ranges from 4-10
strands]

® Two consecutive strands joined by a crossover
connection need not be adjacent to each other in
the folded B sheet. [B-&-B motif with strands
being adjacent is preferred]

® Allows for mixed paralle/antiparallel B sheets that
incorporate B hairpin connections.

1A e

Introduction to Protein Structure, 2nghpbg

Active Site Predictio
in o/ Structures

® In almost every known o/ twisted open sheet
containing protein, the active site is located at
the carboxy edge of the sheet.

® Functional residues reside in the loops 16y
linking the C-terminal ends of the B ~\
strands to the N-terminal ends of the &

helices. (é « sj{»

® Analogous to the localization of active
site residues in o/ barrels.

® Unlike o/ barrels, open &/B structures
cannot form funnel-shaped active sites.
Instead they form crevices at the edge
of the sheet.

® Crevices are formed when there are two
adjacent strands with connections that are on
opposite sides of the B sheet.

Introduction to Protein Structure, 2nghpd7




Active Site Predictio

Crevices are formed when

s i e 1N OB Structures

that are on opposite sides of

the P sheet. ; S /,

Position of crevices is determined by B sheet
topology and can be predicted based on a
topology diagram.

Crevices occur when the strand order in the
sheet is reversed.

Crevices occur where connections from the
carboxy ends of two adjacent strands in a
topology diagram go in opposite directions.
[referred to as topological switch points]

The ability to fairly reliably predict the

position of active sites in &/ structures is in

contrast to the other two main classes

structural classes: (-helical proteins and

antiparallel B proteins. No obvious predictive l

rules for these classes of proteins have been ! l l l I '
: ‘ & ; Y ;

determined.

Introduction to Protein Structure, 2ngpd7, 58

Tyrosyl-tRNA Syntheta:s

Aminoacyl-tRNA synthetases connect amino
acids with its specific tRNA in a two step
process.

- Initially, the amino acid is activated by genere
an amino acid adenylate. (uses ATP)

- Then the complex is attacked by the tRNA -C
to give the aminoacyl-tRNA.

The structure of the first 320 residues of
tyrosyl-tRNA synthetase reveals two domains...
one is an &/B domain and the other is an -
helical domain.

The /B domain is associated with binding ATP
and the substrate Tyr, but the function of the &-
helical domain is unknown.




Tyrosyl-tRNA Synthetase

® On examining the topology of tyrosyl-tRNA
synthetase:

- The domain contains a 6-stranded mixed
B sheet.

- Strand order of the parallel component is
6,5,2,3 and 4.

and 2.

® Expect crevice at this point and likely active
site.

® The active site has been determined by
diffusing Tyr and ATP into the crystal.

® The tyrosyl adenylate binds in a cleft lined
with loop regions 38-47 at the end of
strand 2 and 190-193 at the end of strand 5.

® The substrate straddles the edge of the
sheet, with the Tyr and adenine ends on
opposite sides of the sheet.  Substrate
makes additional interactions with other
residues in the region surrounding the

. Introduction to Protein Structure, 2ngpdQ
crevice.

® Carboxypeptidases are zinc-containing enzymes that catalyze the
hydrolysis of polypeptides from the G-terminal peptide bond.

® The bovine enzyme is a monomeric protein, 307 residues in
length. The protein consists of an open twisted o/B structure ( '('
with mixed P sheet. (>

® Some of the loop regions are very long and curl around the
central structure.

Introduction to
Protein Structure, 2
ed. pp 61
® The bound zinc ion is essential to catalysis. It binds the carbonyl ..
oxygen to the substrate amide bond, drawing electron density B
from the carbonyl carbon atom and facilitating cleavage of the

peptide bond.

® The four central strands of the P sheet (strands 8, 5, 3 and 4)
are parallel with a switch point between strands 3 and 5.

® The catalytic zinc atom is located in the crevice formed by the
switch point at strands 3 and 5. It is coordinated by the side
chains of Hisgg, Glu72 in the loop at the end of strand 3 and
His196 at the end of strand 5.

® In carboxypeptidase, the crevice accommodates the active-site
zinc ion, and loop regions directly adjacent to the P strands are
not directly involved with substrate binding.




B Structures

Introduction to Protein Structure
Chapter 5

Introduction to B Structures

) .

Antiparallel  structures comprise the second large group of
protein domain structures.

Functionally diverse group:

- enzymes, transport proteins, antibodies, cell surface proteins anc
coat proteins. (not a complete list)

Cores of these proteins consist of B strands arranged antiparallel,
usually forming two joined B sheets that pack against each other.

As with /B barrels, in B structures the B sheet is twisted and
when two sheets are packed against each other it usually results in
a barrel-like structure.

Antiparallel B structures generally have a core of hydrophobic side
chains inside the barrel, and the surface formed by residues from
the loops and the strands.

The number of possible topologies for forming a antiparallel 8
sheet rapidly increaseses with the number of strands. Therefore, it
is surprising that the number of topologies that have been
observed is very small... with most B structures falling within a few
groups of common/similar topologies.

Introduction to Protein Structure, 2nghp&7




Common Structure Topologies

® Most B structures fall within a few
groups of common/similar topologies.

|. up-and-down barrels
2. Greek key motif

3. jelly roll barrels

Up-and-Down

® The simplest B structure topology is the up-
and-down B barrel, assembled from
successive [ hairpins.

® This arrangement allows considerable
structural and functional versatility.

® Retinol-binding protein (RBP) is a good

(& & &
example of a up-and-down B barrel EIEY i
containing protein. | ERER I

® RBP consists of a single 182 residue
polypeptide chain. It is responsible for the
transport of retinol (vitamin A) from its
storage site in the liver to vitamin-A-
dependent tissues. (l:1 stoichiometry)

® RBP contains a B-barrel core consisting of 8
B strands aligned antiparallel to each other,
and a short C-terminal helix that packs
against the outside of the barrel.

Introduction to Protein Structure, 2nghp&8




Up-and-Down Barrels | {

RBP contains a [-barrel core consisting of 8 B strands aligned
antiparallel to each other, and a short C-terminal helix that packs
against the outside of the barrel.

The B strands of the barrel are curved and twisted, and one end of
the barrel is open to solvent (the other end of the barrel is closed by
tight packing of hydrophobic side-chain packing. c

Z

Hydrophobic retinol binds at the open end of the barrle, its
hydrophobic tail inserted into the hydrophobic interior of the barrel.

The three-dimensional structure of the apo protein
does not differ significantly from that of the protein
with bound retinol.

A large part of the RBP surface consists of side
chains from residues in the B strands. As a
result the strands show an amphipathic pattern
of amino acid side chains: hydrophobic residues
directed into the barrel core alternating with
polar and charged residues displayed on the
outer surface of the barrel.

The structure of the protein also indicates that

the barrel is build up from two B sheets.
Introduction to Protein Structure, 2nghp &8

Introduction }o E’rotein Structure, 2ngpd.]l

Neuraminidase

Neuraminidase from influenza virus is another
example of an up-and-down [ sheet arrangement.
The enzyme removes sialic acid residues from
carbohydrate chains on viral hemagglutinin and
glycosylated cell membrane proteins, facilitating the
release of progeny virions from infected cells.

The arrangement and packing of the B sheets in
neuraminidase is dramatically different from that
observed in RBP.

The B sheets in neuraminidase do not form a simple
barrel, instead forming 6 small (4 stranded) sheets
arranged in a pattern resembling the blades of a
propeller.

The loop regions between the B strands in the middle
of the propeller structure form the active site.

Neuraminidase is a tetrameric proteins, consisting of
4 identical subunits.... each chain ~470 amino acids in
length.

The soluble head compoonent can be proteolytically
separated from the stalk (membrane anchor).




Neuraminidase

® Each of the four subunits of the tetrameric
neuraminidase head is folded into single a domain
assembled from six closely-packed similarly folded
four-stranded antiparallel B sheet.

® The strands in the B sheets have a large twist such
that the direction of the Ist and 4th strands in each
sheet are oriented at 90° angles relative to each
other.

® The tetrameric protein consists of ~1600 residues,
and is composed of four identical polypeptide chains,
each of which is folded into the “propeller-like” super
barrel structure to the right.

Introduction to Protein Structure, 2ngpd.1, 72

Neuraminidas:

® The 6 B sheets within each subunit are connected to each

other by a loop that runs from the end of the 4th strand in ("

the preceding sheet, across the top of the subunit, to the [
first strand in the next sheet.

In the last (6th§ sheet in the subunit, the outermost strand (t
in the other sheets) is the overall pbrst strand in the chain ¢
connected to strand 3 as is the case in the other 5 sheets.

® The loops connecting the 2nd and 3rd strands in each sheet
also lie at the top of the structure.

® The B sheets are
arranged cyclically around
the axis of the
“propeller”, and these
loops at the top of the
barrel.

()
Active sile

® Collectively, these loops
form a wade funnel-
shaped pocket containing
the active site.

Introduction to Protein Structure, 2ngpd.1, 72




® vy-crystallin and Domair

® Crystallins are located in the lens of the eye, and ¢
they contribute to the optical properties of the lens.

® Three classes of crystallins have been discovered
(ct, B and Y) -- and there may be more.

® The o and P crystallins are heterogeneous
assemblies of different subunits of different subnits,
while Y-crystallins are monomeric ~170-residue
proteins.

® The crystal structure of a Y-crystallin reported by
Blundell, et al. reveals that the protein is folded into
two distinct domains that are similar in size and are
connected by a flexible tether.

® The secondary structure of the N-terminal domain
is dominated by B strands, which are arranged into
two antiparallel sheets (Sheet:2, 1,4 and 7 & sheet:
6,5,8 and 3).

® While strands 6 and 7 are adjacent in sequence they
share no hydrogen bonds.
Introduction to Protein Structure, 2nghpd4 N

Y-crystallin and Domair

® The highlighted N-terminal domain consists of two
four-stranded P sheets. The arrangement of the B
strands of this domain is illustrated in the provided
topological diagram.

® The two P sheets in this domain are packed against
each other, forming a distorted barrel structure.

® Strands I, 2, 3 and 4 form a Greek key motif, as do
strands 5, 6,7 and 8.

® The N-terminal and the C-terminal domains have
identical topologies, and very similar structures.

Introduction to Protein Structure, 2nghpd4




The N-terminal and the C-terminal domains have idenC

topologies, and very similar structures.

While the structural similarity of the two domains is r
immediately obvious from the crystal structure, the simile
in their topologies is clearly evident in the topology diagre

§

In the folded protein, the polypeptide chain is divided i

four consecutive Greek key motifs, grouped pairwise in

two domains.

Overlaying the @ atoms of residues in the two domai
results in a mean deviation of <2e, indicating that the t .

domains are structurally equivalent.

The motif structures within each domain superpose eqt

well, but the have lower sequence homology.

(5]

Similarity between the four Greek-key motifs

Domain | Dontain 2
suggests that they are evolutionarily related. P e
Walter Gilbert in 1978 suggested that genfes i 4 ﬁ 1 A
larger proteins may have evolved by the 5 18 |

accidental juxtaposition of exons coding for

specific functions. 3 2

molif

Introduction to Protein Structure, 2nghpd5

N \ o - G
I 6 5 8
1

motif 2 motif 3 molif 4

the
the

In antiparallel barrel structures built from
Greek key motif, one of the connections in
motif crosses one end of the barrel.

The jelly roll motif is a common motif in which four
of the inter-strand connecting segments cross the
ends of the barrel.

The jelly roll motif is found in a variety of proteins
including coat proteins of most spherical viruses,
concanavalin A (a plant lectin) and influenza virus
hemagglutinin.

In the jelly roll motif, the polypeptide chain has 8 f
strands connected by loop regions.

Essentially the 8 P strands are arranged in a long
antiparallel hairpin such that strand | is H-bonded
with strand 8, and strand 2 is paired with strand
7....and so on.

The extended hairpin is then folded into a barrel
configuration with the B strands forming the sides
of the barrel and the connecting segments crossing
both the top and the bottom of the barrel.

Jelly Roll Barre

la) m (b)

Figure 5.17 A simple illustration of the way
cight B strands are arranged in a jelly roll

motif, (a) The B strands are drawn as

arrows along t

edges of a strip of paper. The

I strands are arranged such that strand 1 is
opposite strand 8, etc. The B strands are
separated by loog

gions. (b) The strip of

paper in (a) is wrapped around a barrel in the
same way as the string in Figure 5.16, such

that the B strands follow the surface of the

bairel and the loop regions (gray) provide the
the barrel. The

strands are now arranged in a jelly roll motif

connections at both ends

Introduction to Protein Structure, 2ngpd.7




In the barrel structure, antiparallel H-bonded J II R II B
strand pairs 1:8, 2:7, 3:6 and 4:5 are arranged such e y O arre

that B strand | is adjacent to strand 2, strand 7 is

adjacent to 4,5 to 6 and 3 to 8. N e &
In the barrel structure, all adjacent strands are 5 |

aligned antiparallel. ¢ 3

This barrel arrangement results in two connecting 6 , E

loops (3-4 and 7-8) crossing the top of the barrel

and two (2-3 and 6-7) across the bottom of the

barrel.

The described arrangement is for a 8-stranded jelly
roll barrel, but a jelly roll barrel can contain any 8 |
even number of B strands greater than 4. (8-
stranded barrels are most common).

(b)
Analysis of the H-bonding patterns in jelly roll
barrels reveals that they usually can be broken
down to two sheets with few if any H-bonds
between strands belonging to the different sheets.

Barrel is distorted from the ideal, with gaps
separating two pairs of adjacent [ strands in the
barrel.

The B strands in jelly roll barrels are often arranged 8 I 2 7 4 5

in two sheets that are packed against each other. _ _
Introduction to Protein Structure, 2ngpd.7, 78

Hemagglutinin

In influenza virus, hemagglutinin mediates
binding of viral particles to host cells,
recognizing sialic acid residues in cell-surface
glycoproteins.

Viral particles bud from patches of the
cellular membrane that contain hemagglutinin
and neuraminidase.

Hemagglutinin consists of two polypeptides
chains (HA1 and HA2) with one of the
polypeptide chains (HA1) containing a domain

ARL= '&f.‘.'};l Az

with a jelly roll barrel motif. AR &
o LT
Synthesized as a membrane-bound single ,g; ’a
polypeptide chain that is proteolytically ‘5‘,‘,‘,“
processed to afford 328 (HA1) and 22I- LAy
residue (HA?) peptides. ) 1
h 1 -
HA1 and HA: are connected by disulfide e '

bonds, with HA2 anchoring the peptide to the N
cell membrane.

During processing, hemagglutinin forms
membrane-bound symmetric trimers. Introduction to Protein Structure, 2ngpd9.




Hemagglutinin

Each monomeric subunit is divided into a long
and fibrous stemlike region extending out from
the surface of the membrane with a globular
region at its tip.

The globular region is entirely contained within
HA1, while both HA1 and HA2 contribute to
the stem region.

N-terminal portion of HA1 is located at the
base of the stem.

The globular tip consists of a distorted 8-
stranded jelly roll barrel comprising residues
116-261 of HAL

The remaining C-terminal residues of HA:
return to the stem region.

The major structural feature of HA: is a hairpin
loop of two O helices packed against each
other.

At the base of the stem is a 5-stranded
antiparallel B sheet - a central strand from HA;
flanked by pairs of strands from HA>.

Introduction to Protein Structure, 2ngpd.9.

Hemagglutinin

The hemagglutinin timer is an unusually
elongated protein assembly (I35A long with a
cross-section between |5 and 40 A).

In the trimer, the interface between the
subunits is mostly localized to the fibrous stem
region, with the long helices of HA> coming
together to form a three-helix coiled-coil
structure.

The trimer structure is further stabilized by
interactions between the head regions of the
subunits.

To initiate infection, viral hemagglutinin binds to
sialic acid residues present in glycopeptides
displayed on the cell surface. The receptor
binding sites are formed by the jelly roll
domains.

Introduction to Protein Structure, 2ngpd9.




Hemagglutinin

® Sialic acid binds in the center of a broad pocket
on the surface of the barrel, in conjunction with
a hydrophobic channel to accommodate large
hydrophobic substituents at the C; position on
sialic acid.

HA,

Introduction to Protein Structure, 2ngpd.9, 81.
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Hemagglutinin

® Hemagglutinin has a second function in the
infection of host cells.

Viral particles bound to proteins at the cell
surface are taken into the cell by endocytosis.
Protons are then pumped into the endocytic

vessicles, the pH of the compartment is
lowered.

As the pH in the compartment drops below pH
6, hemagglutinin (still bound to the cell surface
protein) undergoes a conformational change ,
thereby inducing membrane fusion (viral
membrane and endocytic vessicle membrane).

Using monoclonal antibodies to specific
epitopes of the two chains (HAIl and HA2), it
has been shown that hemagglutinin undergoes a
dramatic conformational change at lower pH’s.
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Hemagglutinin

® Don Wiley, revealed the conformational change

that occurred by solving the structure formed by

HA1(1-27yand HA238-175)at acidic pH.

- The loop region connecting helices A and C becol
helical - forming one continuous helix -A-B-C-.

- Region at C-D interface loses helical structure, becor
a loop connecting remainder of helices C and D.

- Helix D shifts and packs against helix C.

- The smallx helices and strands at the C-terminal er
of the chain also shift.

The fusion peptide is attached to the N terminus
of helix A. At neutral and basic pH the fusion
peptide is positioned about 100 A from the
receptor binding site.

At low pH, the repositioning of helix A places the
fusion peptide in the same vicinity as the receptor
binding site. (each subunit)

Note: the low pH form appears to be more stable
than the high pH form, and does not revert to the
high pH form when the pH is raised.

The energy required for fusion is likely stored up
during formation of the hemagglutinin molecule.

— 200 A

high pH

Low pH

fragment

ParalleB-helix Domains

The B helix was first observed in the bacterial enzyme
pectate lyase by Frances Jurnak in 1993. (several
proteins have since been found to contain B-helix
structures)

In B-helix, the polypeptide chain is coiled into a wide
helix, formed by B strands separated by loop regions.
(strands are aligned in parallel)

The two-sheet B helix is the simplest form: each turn
consists of two strands and two loop regions.

In bacterial proteinases, B helix consists of three turns
of the helix - essentially forming two three-stranded
parallel B sheets packing against each other with a
hydrophobic interior.

The B sheets in a B helix are essentially planar lacking
the twisting typical of o/ structures.

The basic unit of two-sheet P-helix structures
contains ~18 amino acid residues: three in each
strand and six in each loop.

N ""’
/A \‘??I S
4 - R - -’
e
- - ¥ ! S
P TS AN
i gl T )
I
- %\ &




ParalleB-helix Domains

Double repeat of a 9-residue consensus sequence: G-

G-X-G-X-D-X-U-X (X = any amino acid and U = a
large hydrophobic amino acid.)

- The brst six residues form the loop region and the

three the B strand.
- The loops are stabilized by calcium ions which bin
the Asp residue in the loop.

More complex B helix is present in pectate lyase and
bacteriophage P22 tailspike protein:

Each turn of the helix consists of three short strands
(3-5 residues in length) connected by three loops, with
the helix forming three parallel  sheets.

Cross-section of helix is not truly triangular:

- Two of the sheets are arranged adjacent to each o
as in the two-sheef helix.

- The third sheet is approx. perpendicular to the ott
two sheets.

- Connecting loops are not all the same, one loop is\
short (~2 residues) and the other two loops are longe

The longer loops extend from the B helix, likely
forming the active site regions.

ParalleB-helix Domains

The number of helical turns in three sheet B-helix

structures tend to be larger than found in two-sheet

B-helix structures.

TheB-helix in bacteriophage P22 tailspike protein
of 13 turns.

The complete tailspike protein contains three i
intertwined subunits, each containing a thre@-tletig

The interior of the pectate lyase three-sheet B-helix
structure is completely filled with amino acid side
chains (including polar and charged side chains).

Side chains of adjacent turns of the helix are arranged
in a linear fashion parallel to the helix axis. Internal
stack fall into different classes:

- polar stacks (N or S)
- aliphatic stacks (A,V,L or I)
- aromatic stacks (F orY)

Stacking arrangement likely contributes to high
stability of the protein.




