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Protein phosphorylation 
and LHCII structure 

A recent article in TIBS by John F. Allen 
on the role of protein phosphorylation in 
the regulation of photosynthesis  
at tracted our attention l. In his article, the 
author seemed to suggest that this role 
could be explained by the molecular 
recognition hypothesis. We would like to 
comment on some aspects  of this 
hypothesis.  

The author suggests that 
phosphorylation of Thr6 in 
light-harvesting complex II (LHCII) 
induces helicity in the amino-terminal 
segment by increasing the net negative 
charge and consequently screening the 
repulsion between the positively charged 
residues in the region. To test this 
proposal,  we replaced Thr6 with Glu and 
subjected the first 20 amino acids of the 
amino-terminal segment of LHCII to 
secondary structure prediction using 
Garnier's method. As a consequence, the 
helical content increased from 35% to 
45%. This increase may not be significant 
when the uncertainty in the predicted 
values is considered. Studies by 
Padmanabhan et al. 2 suggest that the 
propensi ty of a sequence to form a helix 
depends on the sequence context. 
Therefore, we feel that the amino-terminal 
segment could have an inherent ability to 
adopt a helical conformation and 
phosphorylation only imparts additional 
stability to the helix formed. 

Allen goes on to suggest that when 
Thr6 is in its unphosphorylated form, the 
positively charged residues located 
within 10-12 A repel each other and 
introduction of a phosphate group 
diminishes this repulsion. We would like 
to mention that repulsion between 
positive charges situated 10-12 .~ apart  in 
a helix would only be marginal. In fact, we 
generated an c¢-helix with the first 13 
amino-terminal residues of LHCII and 
calculated the charge-charge interaction 
energy between side chains of different 
positively charged amino acids using 
AMBER force-field parameters.  We found 
that electrostatic repulsion is negligible o 
when charged groups are more than 10 A 
apart  in the helix, but is very signif!cant 
when they are situated within 5-6 A. 
Thus, we feel that if phosphory~lation 
induces helicity, its effects would.be felt 
more by way of stabilization of the helix 
through salt bridges between phosphate 
groups and side chains of positively 
charged amino acids on both sides, 
rather than by screening the repulsion 
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between them. In this context, 
Sundaralingham et al. 3 showed the 
formation of salt bridges between 
oppositely charged residues located at 
i and i+3 or i+4 positions imparts 
additional stability to the helix. Such a 
possibility exists in LHCII 
(MRKSATTKKVASS, where T=i). 

We understand that the repulsion 
screening hypothesis derives its strength 
basically from the structural changes 
reported in glycogen phosphorylase after 
phosphorylation, and believe that it is not 
appropriate  to stretch the analogy too far. 
To the best  of our knowledge, there is no 
report  so far to suggest that 
phosphorylation of an amino acid in 
model synthetic peptides leads to drastic 
changes in secondary structure. We hope 
that structural studies on the 
phosphorylated and dephosphorylated 
amino-terminal segment of LHCII will 
throw light on the validity of the 
proposal.  

We would like to point out that the 
hypothesis does not take into account 
the possible role of phosphorylation 
in structural changes of other 
photosynthetic membrane proteins and 
PSII. We also feel that multiple 
phosphorylation is another aspect  that 
deserves a place in the hypothesis. 
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Reply from Allen 
As described in my Open Question 
article 1, the moleeular recognition 
hypothesis makes a number of testable 
predictions. I too have run computer 
structural predictions to see if 
replacement of Thr6 with Glu might 
mimic the proposed effect of 
phosphorylation 2. I find that helix 
probability increases for each amino acid 
from 1 to 11. This is quite consistent with 
a small increase in a moderate helical 
content (35%) for the first 20 amino acids 
of LHCIIb. A control 'experiment'  is to 
apply the same predictions to the 
amino-terminal segment of glycogen 
phosphorylase with the corresponding 
substitution of Glu for Serl4. This 
produces a similar result 2, and for 
glycogen phosphorylase helix formation 
is, of course, the correct answer 3. It 
should also beno ted  that one might 
expect only moderate helix probability in 
any segment where the helix must be 
broken and remade. There is also the 
question of how well glutamate mimics 
effects of phosphothreonine and 
phosphoserine, in both computer  
programs and the real world. 

I agree that a suitable initial approach 
is with structural studies on model 
peptides. Landry et al. report  differences. 
in nuclear Overhauser effects in . 
two-dimensional nuclear magnetic 

resonance (NMR) spectra  of the vsv-C 
peptide bound to DnaK and GroEL 4. The 
spectra  indicate that vsv-C is helical when 
bound to GroEL but in an extended 
conformation when bound to DnaK. The 
vsv-C peptide contains the sequence 
VLSSL, reminiscent of the sequence 
VASSG, which starts four positions after 
the LHCII phosphorylation site. It is 
possible to imagine that this is an 
'optional helix' segment. 

Krishna, Kumar and Pandit appear  to 
favour helix formation by suggesting, 
later in their letter, that a helix may be 
stabilized by salt bridges between the 
phosphate ~nd basic side chains at i+4, 
i-3 and i+3. I do not exclude this 
possibility, though there is no precedent 
for it in glycogen phosphorylase 3. In 
addition, it appears that engineered salt 
bridges between i and i+4 have only 
marginal effects on stabilization of 
co-helices 5. In my article 11 propose salt 
bridges with more distant side chains as 
the basis of a tert iary structural change, 
though effects on secondary structure 
cannot be exoluded. For LHCII these are 
all open questions. 

I am pleased to acknowledge the 
questions raised in the letter of Krishna 
et al. I agree that phosphorylation of 
other thylakoid polypeptides must be 
taken into account when considering 
LHCII 2. My chief objective in writing the 
Open Question article 1 was to draw 
attention to the possibility of an LHCII 
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protein structural change as an 
alternative to effects on thylakoid surface 
charge, and in so doing, to see how far 
one might usefully push an analogy with 
glycogen phosphorylase.  I am delighted 
to think that questions of protein 
phosphorylation in general are beginning 
to focus on the forces stabilizing different 
states of protein folding. For thylakoid 

proteins this is an entirely new way of 
looking at the problem. 
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Nuclear targeting 
sequences 
In a recent article in TIBS, Dingwall and 
Laskey x reported a consensus amino acid 
sequence which may provide a signature 
for the targeting of proteins to the 
nucleus. This motif consists of a cluster of 
two adjacent basic amino acids separated 
by any ten amino acids from a second 
cluster, in which three of the next five 
amino acids are also basic. These authors 
reported that this consensus is shared by 
a large number of known nuclear genes, 
including several yeast  RAD genes (RADI, 
RAD2 and RAD7) known to be involved in 
nucleotide excision repair (NER) of DNA 2 
and the RAD18 gene, which is required for 
DNA damage-induced mutagenesis 2. 

Many other yeast  genes involved in the 
repair of damaged DNA have been cloned 
and sequenced. The amino acid 
sequences of several human excision 
repair genes have also been reported 3. I 
have identified consensus nuclear 
targeting sequences (in some cases more 
than one in a given polypeptide) in the 
yeast  NER genes RAD4 and RADI4 and in 
the human NER gene ERCC3 (Table I). 
The consensus sequence in the ERCC3 
gene is conserved in the homologous 

4 yeast  SSL2 gene .  The yeast  SNMI (PS02) 
gene, which is specifically required for 
the excision repair of crosslinks in DNA 2, 
also contains a consensus motif. This 
sequence is additionally present  in the 
yeast  RADH, REVI and REV3 genes, which 
like RADI8, are required for damage- 
induced mutagenesis 2 and the PHR1 
genes, which is required for the 
enzymatic photoreactivation of 

2 pyrimidine dimers in DNA. While it is 
evident that the consensus sequence 
identified by Dingwall and Laskey 1 is 
conserved in more eukaryotic DNA repair 
proteins than originally identified, it is to 
be noted that a number of other 
polypeptides that are known to be 
involved in cellular responses to DNA 
damage in yeast  and human cells do not 
contain this domain. 
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Table I. Bipartite nuclear transport sequences in eukaryotic DNA repair genes 

Organism Gene a Amino acid starting position Amino acid sequence b 

Yeast RAD4 31 aKKKf 

377 KRRit 

388 KwfRK 

Yeast RAD14 

Human ERCC3 

169 

3 
633 

Yeast SSL2 680 

Yeast SNM1 3 

RR vrrknqplpd 
RR yaqwmnskvr 
RK rritkddfge 

RR eegkahrrek KyeKK 

KR dradrdkkks RKRhy 
RR qeaqrlgrvl RaKKg 

RR qeaqrlgril RaKRR 

RK sivqirrsev. KRKRs 

Yeast RADH 

yeast REV1 

883 KR yapettsfhs ptKKK 
1053 RR rellgskktk KiKpK 
1061 KK tkkikpktrn RKsKR 
1064 KK ikpktrnrks KRgdK 

202 KK tvthivasnl plKKR 
781 KR kesgltsnsl ssKKK 
782 RK esgltsnsls sKKKg 
837 KK iqqtklgnlq eKiKR 

Yeast REV3 1420 KR stttlsflik KIKRq 

Yeast PHRI 2 KR tvisssnaya sKRsR 

aGenes are grouped according to different repair pathways. 
bAmino acids are designated by single letter code. The basic amino acids K and R located in the two 
clusters of the bipartite motif are in upper case. 
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Letters to TIBS 

TIBS w e l c o m e s  le t te rs  on any top ic  of  i n te res t .  P lease  note,  however ,  t h a t  
previously unpubl ished data and cr i t ic isms of work publ ished e lsewhere cannot  be 
accepted by this journal .  

Letters should be sent  to: 

Trends in Biochemical Sciences 
Elsevier Trends Journals, 

68 Hills Road, 
Cambridge, UK CB2 1LA. 
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