
Possible Exceptions to Rules for 
a-Helix Termination by Glycine 

Recent ly  R. Aurora et al. (1)  gave rules to 
determine, on the basis of a primary amino 
acid sequence, whether a propagating a 
helix on reaching a glycine residue will 
terminate or propagate through the glycine. 
We have found several possible exceptions 
to the rules stated in the report by Aurora et 
al. in their initial set of 42 proteins (Table 
1) as well as in two other proteins, the x-ray 
crystal strictures of which have been pub- 
lished ( 2 ,  3 )  since the report. 

For a helices and flanking residues, we 
use the following notation (1)  

where the numbered residues belong to the 
helix, the primed residues belong to the 
flanking sequences, and Ncap and Ccap 
belong to both the helix and the adjacent 
flanking region. Briefly, the rules for helix 
termination by one stereochemical motif, 
the Schellman motif, can be summarized as 
follows (1 ): W e  temporarily assume that a 
glycine residue is at C '  and examine the 
amino acids surrounding the glycine. If the 
amino acid at C (the amino acid after the 
glycine) is apolar (Ala, Val, Ile, Leu, Met, 
Phe, Trp, Cys) or Lys or Arg, and the amino 
acid at C 1  is polar (Ser, Thr, Asn, Asp, 
Gln, Glu, Arg, Lys) or Ala, and at least one 
of C2, C3, or C4 is apolar or Lys or Arg, 
then termination by the Schellrnall motif is 
predicted. If C 1  is apolar (not Ala) or C2, 
C3, and C4 are all polar (not Lys or Arg), 
then helix continuation is predicted. 

In the initial set of 42 proteins (1 ), there 
were only five instances reported in which 
the rules of Aurora et al. predicted helix 
terminatioll at a glycine, but terminatioll 
did not occur. Three of these five excep- 
tions were a result of ligand binding; in the 
other two, glycine was at the N5 position of 

a helix out to which strong NH,-capping 
interactions might extend. I11 another set of 
26 proteins (1 ) containing 34 glycines with- 
in helices, the rules correctly predicted he- 
lix continuation through these glycines in 
22 cases. Of the 12 exceptions, 10 were a 
result of ligand binding. 

We have found seven more possible ex- 
ceptiolls to the rules of Aurora et al. in their 
initial set of 42 proteins (Table 1).  In five 
il~stallces the rules predict helix termina- 
tion, but experiment shows helix continu- 
ation. In one instance the rules predict 
helix continuation, but experiment shows 
helix termination. We also foul~d one in- 
stance in which the rules make no predic- 
tion. In this case, besides a glycine at C', 
there is also a glycine at C1. The  rules of 
Aurora et al. are silent as to continuation or 
termination in the case of glycine at C1. 

As many exceptions to the rules of ALI- 
rora et al, are a result of ligand binding, it 
might be helpful to be able to predict in- 
stances of such binding. We wonder if such 
prediction is possible. Also, are there exam- 
ples in which helix termination is found 
experimentally despite strong NH,-capping 
interactions (conversely to the examples of 
helix continuation perhaps due to NH2- 
capping interactions extending out to posi- 
tion N i  of a helix where a helix termina- 
tion has been predicted)? 

In the x-ray crystal structure of the bind- 
ing domain of methionine synthase ( 2 ) ,  the 
rules of Aurora et al, predict helix termina- 
tlon by the Schellman motif at G"' 
(ASRTVGs"VV), but experiment gives 
helix continuation. In the crystal structure 
of the 6OK subunit of the nickel-iron hy- 
drogenase from Desulfovibro gigas ( 3 ) ,  the 
rules of Aurora et al. predict helix termi- 
nation by the Schelllnall motif at G"' 
(RNLTMG1"AQ), G4" (LFSTLG4fi"RT), 
and G4" (RTAARG4"jIQ), but experi- 

Table 1. Possible exceptions to rules for a-helix terminaton by glyc~ne n the orgina set of 42 proteins 
of Aurora et a/. (1) 

Protein Hex 

(PDB boundar~es 
(Ncap-Ccap) Sequence Predction Experiment 

code) (reference) 

2cts 393-41 5(1) VSRALG404VL Termination Continuation 
4fxn 10-26 (1) ELIAKG""I Termination Cont~nuation 
4fxn 124-1 36(4) DCIEFGiS2KK Termination Cont~nuation 
I mbo 58-77 (4) DLKKHGS5VT Termnation Contnuat~on 
1 mbo 58-77 (4) VLTALGG%I Termnation Contnuat~on 
2cts 37-43 (1) VDMMYG44GM Continuaton" Termination 
4fxn 93-1 06(1) RMNGYG1@'CV -t Termination 

'In the case of Gly-Gy the rules for helix termnation by the Schelman  noti if or helx continuaton are applied if C"' is apolar 
or Lys or Arg ( 1 ) .  -:-The rules of Aurora et a/,  make no prediction in ths case 

ment gives helix continuation in all three 
instances. 

If the possible exceptions to the rules of 
Aurora et al. can be understood and predict- 
ed, these rules will he of importance in our 
ability to predict protein tertiary structure 
from primary sequence data. If not, it might 
cause US to uuestion the extent to which 
protein folding is determined by local se- 
quence information. 

Note added in proof: Since submitting this 
comment, we have found another ~ossihle  
exception to the rules of Aurora et al.: I11 

the protein glutathione reductase (3grs) for 
Gly34"VAIAAG'46RK), the rules of Au- 
rora et al. predict helix termination, but 
experiment gives helix continuation. Also, 
the proteins avian pancreatic polypeptide 
( lpp t )  and plastocyanill (2pcy) from the 
original set of 42 proteills have 110 helices 
with internal glycines or helices terminated 
with glycine at C' (1 ,  4). 
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Response: We thank Altschuler and Lades 
for their careful reading of (xlr report and 
reanalysis of the data. Our work (1 ) empha- 
sized the fact that helices terminate in a 
limited number of wavs. and we described , , 

two such motifs, the Schellman and the a,., 
in detail. Both are glyclne-based structures 
foulld frequently at the COOH-termini of 
 rotei in helices. The  Datterns observed in 
these motifs are sufficiently distinct that 
simple rules can he formulated to l-rredict 
whether the presence of a glycille residue 
will cause a helix to terminate at all, and, if 
so, whether it will terminate in a Schellman 
or an a,- motif. 

The main focus of Altscl~uler and Lades' 
analysis is the Schellmall motif. I11 this 
motif, hydrophobic residues (Lys or Arg act 
as hydrophobic residues in this case) at C 
(that is, the residue following the glycine) 
and C 3  interact, together with a 6 1, 
5 + 2 hydrogen bond pattern. The hydro- 
phc~bic interaction establishes a hydropho- 
h ~ c  surface and, if the helix is amphipathic, 
then C1, which is situated on the opposite 
helical face, will he solvent-exposed. O n  
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Table 1. Exceptions to rules for ot-hellx termlnaton by glycne "possible exceptions" in our glycine termi- 
nation rules, taken from a single new struc- 

Hex 
Proten boun- 
(PDB daries Prediction Experiment Explanation no. code) (Ncap- 

1 2cts 393-41 5 404 Termination Continuation 
2 4fxn 10-26 22 Termination Continuator- FMN blnding 
3 4fxn 124-1 36 132 Termination Contlnuatlon Salt brldge Lys-Glu 
4 Imbo 58-77 65 Termination Continuation Heme bndng 
5 lmbo 58-77 73 Termination Contnuation Heme blnding 
6 2cts 37-43 44 Contnuation Term~nation Tyr is amphipathc 
7 4fxn 93-106 107 None Terminailon Gly is solvent-exposed 

'A Schelman motf IS formed when C3 interacts with C" When C3 IS polar and the lnteracton is with C2 or C4 instead, 
the residue at C must have a long side chain (for example, Lys, Arg, Trp, and so forth) that can reach its interacton 
partner at C2 or C4. 

occasion, thls simple idea is confounded by at C" call reach an apolar i ~ ~ t e r a c t i o ~ ~  part- 
additional factors-for examnle, involve- ner at C2 or C4. Such comnlexities occur in 

L ,  

ment of metals and prosthetic groups- an extremely small fraction of the total 
leadine to a "violation" of the rule. This is cases, but methionine svnthase nlav be an- 
described in detail in our report. other example. Cases 2,'4, and 5 in '~ab1e  1 

The polarity of the C 1  position is a key involve a prosthetic group, which can over- 
factor in our rules. But other positions are ride the rules, as described in our report; we 
also involved, and t articular combinations were remiss in not including these exalnples 
of residues can lead to an energetic "tug of in our table of exceptions ( 1 ,  table 3) .  As 
war" in some instances. Rather than pro- we noted in table 3, a salt bridge is one of 
vide an exhaustive list of the possibilities, the factors that can promote deviations 
the intent of our report was to focus on  the from the rules, and that is what happens in 
simple underlying ideas and to analyze their case 3 (Table 1).  Additional context-de- 
validity in monomeric proteins. 

Altschuler and Lades raise examples that 
help clarify several points. They are minor 
points in  our opinion, which is why we did 
not focus on them in our report. 

It is true that our n~les ,  as stated, do not 
predict case 1 (Table 1 )  correctly. In our 
report, we glossed over the fact that, when 
C3 is polar, side chain length must be as- 
sessed to decide whether the apolar residue 

pendent effects come into play when C 1  is 
amphipathic [as noted in table 2 in ( I ) ] ,  
and this situation was deliberately excluded 
from the rules; case 6 (Table 1) is an exam- 
ple. In case 7 (Table I ) ,  termination would 
place the glvcine at the solvent-exposed C 1  
position, which is entirely compatible with 
the rules, although not specified explicitly 
In table 2 in (1 ). 

Altschuler and Lades lnentlon more 

u 

ture, nickel-iron hydrogenase (2) ,  a mul- 
timer. Our report, submitted for publication 
in December 1993, was written almost 2 
years ago. After publication, the basic ideas 
presented therein have been affirmed re- 
peatedly, both in proteins and in peptides 
(3). Even the hydrogellase structure (2 )  
includes sites that are consistent with the 
rules (although Altschuler and Lades omit 

mention of them). A t  this point, an inde- 
pendent reassessment of our findings using 
newer data would be welcome. However, 
valid assessment involves documenting 
both failures and successes of the rules in a 
representative set of molecules, not merely 
dredging the literature for potential coun- 
terexamples. 

Finally, Altschuler and Lades would like 
to have further rules to predict ligand bind- 
ing and NH,-terminal capping. So would 
we, but that goal was beyond the scope of 
our report. 
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