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Primary structure

Secondary structure

Tertiary structure

Quaternary structure

FIGURE 2-23 How primary structure determines a protein’'s shape.

The amino acid sequence of the enzyme protein iysozyme, called its primary structure,
encourages the formation of hydrogen bonds between nearby amino acids, producing
coils and foldbacks called the secondary structure. The lysozyme protein assumes a
three-dimensional shape like a cupped hand; this is called its tertiary structure. Many
proteins (not lysozyme! aggregate in clusters called the guaternary structure of the
protein.
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com FIGURE 3-8 Molecules that make up the cytosieleton.
A Microfilaments run parallel to the cell membrane in bundles.

work B Microtubuies are composed of a spiral amay of protein subunits. The microtubules in
letor the micrograph radiate from an area near the nucleus (the dark region in the center).
ents. Microtubules provide intracellular support in the nondividing ceil.
iene C Intermediate filaments are probably rmade up of three subunits that are wound together
- ang in a coil, interrupted by uncoiled regions. In a skin cell, such as the one shawn, inter-
\ICro- mediate filaments form thick, wavy bundles that probably provide structural support.
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ne te  -famcal support and help anchor the organelles. They also within the cytoplasm that helps maintain the shape
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FIGURE 5-2 How DNA is coiled within chromosomes.

The DNA double helix is wrapped around speciai
proteins caited histones. The DNA-histone package
is then coiled into larger coils appropriately calleg
supercoils. The supercoils are themselves coileg
and packaged with other proteins to form chro-
matin. Just before cell division, the chromatin s

further coiled to form visible chromosomes.

FIGURE 5-3 DNA wrapped around histones resembles 3

of pearis.
The electron micrograph is of rat liver DNA
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FAGURE 2-17 A josmey into wood.
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The jumble of cetlulose fibers f/eft) is from a ponderosa pine. Each fiber is composed
of microfibrils, which are bundles of cellulose chains. Celiulose fibers can be very strong,
which is one reason wood is such a good building material.

The chief component of plant cell walls is a poly-
saccharide called cellulose. Cellulose is chenucally similar
to amylose but is bonded together in a way thar most
organisms cannot digest (Figurc 2-17). For this reason,
cellulose works well as a biological structural material
and occurs widely in this role in plants. The structural
material in insects, many fungi, and certain other organisms
is a modified form of cellulose called chitin (Figure 2-
18) Chitin is a tough, resistant surface material that is
also relatively indigestible.

Fats and lipids

When organisms store glucose molecules for long peri
they usually store them as fats rather than as carbohvdr
Fars are large molecules made up of carbon, hvdrogen.
oxygen as are the carbohvdrates, but their hydrogen to
gen ratio is higher than 2: 1. For this reason, fats cor
morte energy-storing carbon-hvdrogen bonds than <a
hydkrates. In addition, fats are nonpolar, insoluble molec
so they work well as storage molecules

FIGURE 2-18 Chitin.

Chitin is the principal struc
element in the external s
tons of many invertebr
such as this lobster.
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FIGURE 4-3 Fuactions of plasma membrane proteins.

The different proteins shown (purple shapes) perform many important functions. Some
proteins act as channels through which certain substances enter and leave cells. Enzymes
help speed up chemical reactions {see Chapter 6). Some proteins act as receptor sites,
which bind specific chemicals. This binding prompts the cell to begin a specific function,
such as the synthesis of a harmone. Celf identity markers are proteins that let other cells
in the body know that they are not foreign invaders. Still other proteins perform structural
roles: some proteins serve as artachment sites for other cells so that cells stick together,
and other proteins anchor a cell’'s cytoskeleton in place.
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PROTEIN
CRYSTALS

Figure 2: 123 cubie c¢rystals of CPMV. The long axis of the rhombic

dodecahedron for the largest crystal shown measures approximately
lmm,
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THE PRINCIPLLS OF X-RAY DIFFRACTION
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FIG. 5.8 Optical illustration of the effects of series termination in Founer
synthesis. The transforms of the portions of the diffraction patterns (a), {c). and
(e) are shown in (b), (d). and (f) respectively. (Taylor and Lipson, 1964)
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shoved into the interior of the protein because of their hv-
drophobic propertics. Because of these interactions, polyv:
peptide chains tend to fold spontancously into sheets or
wrap into coils. This folded or coiled shape is called its
secondary structure. The primary structure of a protein
also determines its three-dimensional shape, or tertiary
structure. Proteins made up largely of sheets often form
fibers { Figure 2-24). Proteins that have regions forming coils
frequendy fold into globular shapes. When two polvpeptide
chamns associate to form a functional umit, the chains are
termed subunits, and the functional unit is the protein. For
proteins that consist of subunits, the way these subunits are
assembled into a whole is called the quaternary structure.

N

' Approximately 20 different amino acids are used in
vartous sequences and combinations to make up a
wide variety of proteins. These amnino acids have
different propertics from one another. These differ-
ences and the sequence in which the amino acids are
arranged detcrmine the shape of a protein, which is
crucial to its proper functioning. Yy

| N

AGURE 2-24 'Many proteins play stru

roles.

‘A Fibrin—electron micrograph of at
clot.

B Collagen—strings of a tennis rac
C Keratin—a peacock feather

D Silk—a spider’'s web.

-E Hair—a woman’s nair.
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I G, BULDT

Heavy atom labelled retinals in PM used in X-ray diffraction experiments confir-
med these results (Biildt et al, 1991). The heavy atom labelled retinals are now
used in EXAFS-experiments to expiore the fine structure of the retinal binding
pocket in BR for different intermediate states of the photocycle.

X2.3. Conformational changes in bacteriorhodopsin during the photocycle as
seen by neutron and time-resolved X-ray diffraction

Bacteriorhodopsin translocates protons over the membrane in a cyclic way
using the energy of light. The ground state BRsg of this cycle is characterized by
an optical absorption band centered at 568 num. In this state the retinal is in an all-
trans conformation. Absorption of a photon by the retinal starts the photocycle,
which after several short living intermediates comes to the long living M,,;-state
which under normal conditions decays within several milliseconds. In this state,
the chromophore is in a 13-cis conformation with an absorption maximum at 412
nm. The photocycle, which is easily followed by changes in the color of the chro-
mophore, is linked to the proton translocation process. In the BRs, the Schiff's
base linkage of the retinal to lysine 216 is protonated and becomes depiotonated
during M-formation. In this way, the movement of the Schiff's base proton starts
the pumping cycle resulting in the ejection of a proton through the external
channel of BR to the outside, which is followed by the uptake of another proton
from the cytoplasmic side of BR, which leads to a reprotonation of the Schiff's
base.

The mechanistic details of this cycle are not yet understood. Central for the
unterstanding of this mechanism is the question, whether conformational chan-
ges of the protein occur and are essential for the cycle, or whether the protein
stays in its ground state conformation with a rigid channel, where the chromo-
phore, by switching from all-trans to 13-cis, controls the passage of protons. Time
resolved X-ray experiments using an intense X-ray plasma source gave indicati-
ons for very large conformational changes during the photocycle in BR (Frankel
and Forsyth, 1985), whereas electron diffraction experiments by Glaeser et al.
(1986) detected no changes in diffraction orders in the resolution regime from
60-7 A. Neutron diffraction experiments on oriented films of purple membranes
trapped at liquid nitrogen temperatures in the M,,; and in the ground state sho-
wed moderate intensity changes between both states of the order of 9% in
TIALL/ L. (Dencher et al., 1989). Model calculation revealed that small changes of 1
or 2 degrees in the tilt angle of several o-helices could account for these
differences.

This indicated for the first time that small conformational changes in the
tertiary structure are involved in proton translocation. In order to show that
these structural changes correlate with relaxation processes in the photo- and
pumping cycle of BR, the transition from the M-state to the ground state was fol-
lowed by a time-resolved X-ray diffraction analysis using intense synchrotron
radiation (Koch et al., 1991). The My, decay rate was slowed down by employing
mutated BR Asp%6Asn in purple membranes.

The time course of fash-induced changes for three reflections at neutral pH
is illustrated in Figure X.6.(A). The diffraction pattern was recorded with a linear
Actarsar on the X211 double focusing mirror-monochromator camera of the EMBL
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Figure X.6. — (a) Time course, after a short light flash {0.75 ms FWHM) at t = 0 s, of the integrated
intensity including back ground under the (1,1), (4,1} and (32} reflections for mutated BR AspPbAsn
at neutral pH.

(b) Two-dimensional difference Fourier map between the elecron densities of the M- and the ground
state. calculated from amplitudes derived from intensity changes in (A). Continuous contour lines
represent positive densities, dashed lines negative densities.

{c) The highest positive difference density levels (bold contours) are plotted on the projected struc-
ture of BR in the M-state (thin Jines). N marks the position of the Schiff's base nitrogen at the end
of the retinal (bold bar). (Photographs from Koch et al, 1991, with v&..:saac:v.

illustrated in Figure X.4.(B.ii). The changes in individual reflections vmm.o_.m .m:&
immediately after the light flash are consistent both in amplitude and in direc-
tion with the earlier neutron results.

Figure X.6.B. shows the difference electron density map ogm:._m.n__ .m..oa Enm@
intensity alterations. The most pronounced changes occur in the vicinity of helix
G and between helices E and F (Figure X.6.C.), as also found by :m:c.o.:.n::;nno:
(Dencher et al., 1989). At present it cannot be decided, if the additional large
density peak emerging close to helix F, which was not observed by neutron
diffraction, reflects a difference in the structural changes of mutated BR. The rela-
xation times of individual reflections in Figure X.6.A. are very similar having
half-times 1,;; = 150 ms, which are in aggreement with a large relaxation compo-
nent of absorbance changes in the transition from the M- to the ground state s.:.r
hali-time 1,,; = 208 ms. This indicates that structural n.rnsmmm mo:.n_n»n in their
time behaviour to processes seen by the chromophore in the binding pocket of
BR.
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Recent cryo-electron diffraction experiments (Subramaniam et al., 1993)
fully agree with the above neutron and X-ray results. In these experiments, the
M-state was obtained by illumination of a wet purple membrane on a microscopy
grid just before injecting it into liquid ethane cooled by a bath of liquid nitrogen.
In this way, in difference to earlier electron diffraction experiments, BR is trapped
in nrm M-state embedded in amorphous ice which prevents the drying of the
sample.
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