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isocitrate dehydrogenase, although iso-
citrate binding to the glutamate site-
directed mutant can be induced at high
ionic strength (6.9 M) and isocitrate
concentration (100 mm), where iso-
citrate is sterically accommodated by
movements of the side chain of Glul13
and the fy-carboxylate of isocitrate™.
This effect of forcing the formation of
the enzyme-substrate complex may be
comparable to the effect of altered
cation concentration on chloroplast
thylakoid structure and function®?.

Glycogen phosphorylase

Rabbit glycogen phosphorylase is
activated by phosphorylation, and, like
isocitrate dehydrogenase, structures
have been solved from X-ray crystal-
lography for both its phosphorylated
and dephosphorylated forms'. Barford
et al'® have recently reported struc-
tures at 2.9 A resolution showing that
phosphorylation of Ser14 at an allosteric
site close to the amino terminus affects
substrate binding; long-range protein
structural effects cause rotation of the
two identical 841-residue subunits,
which exposes the catalytic site and
also creates a high-affinity binding site
for a cofactor, AMP.

The key event in activation of glyco-
gen phosphorylase by phosphorylation
of Serl4 is charge compensation,
whereby the phosphate group shields
basic amino acid side chains on either
side of the phosphorylation site from
each other. When these repulsive
forces are neutralized, the amino-ter-
minal segment containing the phospho-
serine assumes an o-helical confor-
mation that is absent from the dephos-
phorylated protein. The effect of this local
change in secondary structure rep-
resented by helix formation is to move
the whole amino-terminal segment from
a peripheral position in the protein to a
closer interaction, via salt bridges, with
a number of initially remote, basic side
chains, including Arg69 of the same
chain and Arg43 of the opposing chain.
Ser14 itself moves through about 36 A,
and Argl0 moves through 50 A. Thus
the tertiary and quaternary structural
changes arising from phosphorylation
of glycogen phosphorylase are generated
initially by short-range electrostatic
forces, and are reinforced byoformation
of salt bridges of about 2.6 A between
side chains that are in the region of 40 A
apart in the dephosphorylated form of
the protein. Helix formation and some
of the immediate tertiary structural
changes are shown in Fig. 2.
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Figure 3

A model for the organization of pea LHCII, with respect to the thylakoid membrane, adapted
from that of Burgi et al.*® Helices | and lll (numbered from the amino terminus) are extended
to Pro56 and Pro171 respectively, which gives helices corresponding in length to helices B
and A, respectively, in the structure of Kiihlorandt and Wang®'. The three helices are high-
lighted in pink and basic amino acids are highlighted in red. *Indicates the phosphorylation
site, Thr6. See also Fig. 5.

The structure of LHCII

The best three-dimensional structure
of LHCII currently available is one at 6 A
resolution and obtained by electron
crystallography of dephosphorylated
pea LHCII by Kihlbrandt and Wang!".
This shows three membrane-spanning
helices and 15 chlorophylls. Helices I
and Il (termed B and A respectively by
Kithlbrandt and Wang) are 49 A and 46 A
long - longer than any helix described
previously for a membrane protein -

and must protrude beyond the mem-
brane surface. They extend for 9 A and
7 A beyond the top of helix 2 (helix C).
The 15 chlorophylls (chlorophylls a
and b cannot be distinguished at 6 A)
are arranged on two levels, the upper
level of eight chlorophylls being re-
lated by the local twofold symmetry
found in helices I and III, indicating
conserved chlorophyll-binding sites in
the internally homologous polypeptide
segments.
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Figure 4
Amino-terminal segments of pea LHCIIb and rabbit glycogen phosphorylase, showing phos-
phorylated amino acid residues () and basic amino acid residues (bold) flanking the phos-
phorylation sites. Helix shows the extent of the o-helix induced by phosphorylation of glyco-
gen phosphorylase. A segment of E. coli isocitrate dehydrogenase is also shown.
Alignments of phosphorylation sites of the three proteins are made to permit comparison
of the distribution of adjacent, basic amino acids.
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