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Insertion of a Coiled-Coil Peptide f ram Influenza 3 n% which is typical for nitroxides on  
membrane-bound peptides (8). Moreover, 

Virus Hemagglutinin into Membranes we do not observe the narrow spectral com- 
ponent arising at higher pH (Fig. 3, B and 

Yeon GYU Yu, David S. King, Yeon-Kyun Shin* C ) ,  suggesting that all of the peptide is 
inserted into the membrane. Several other 

The trimeric protein hemagglutinin (HA) of the influenza viral envelope is essential for cell features of the EPR spectra indicate that the 
entry. To investigate the interaction of HA with membranes, two 40-residue, cysteine- nitroxide faces the hydrophobic hydrocar- 
substituted peptides comprising the loop region and the first part of the coiled-coil stem bon chains of the bilayer in the membrane- 
were synthesized and modified with a nitroxide spin label. Electron paramagnetic reso- inserted state. First, the solvent-sensitive 
nance analysis revealed that the peptide inserts reversibly into phospholipid vesicles hyperfine splitting corresponds to a rela- 
under endosomal pH conditions. This result suggests that some or all of the long coiled- tively nonpolar environment and is similar 
coil trimer of HA may insert into membranes, which could bring the viral and cell mem- to that for the same nitroxide on the exter- 
branes closer together and facilitate fusion. nal surface of proteins embedded in mem- 

branes (9). Second, the nitroxide is inac- 
cessible to collision with chromium oxalate, 
which partitions dominantly into the water 

Influenza virus enters the cell through en- spectrum at pH 6.9 indicates that the pep- phase, whereas the collision rate with non- 
docytosis and crosses into the cytoplasm by tide is predominantly in the monomeric polar oxygen, which partitions preferential- 
fusion with endosomal membranes. In the random-coil state (Fig. 2). O n  the other ly into the lipid phase, is very high. 
endosome, low pH (-5.5) triggers a confor- hand, at low pH a n  equilibrium between For L40V84C, the change in line shape 
mational change in HA to a fusogenic form the random-coil species and the trimeric upon membrane insertion is similar to that 
that then brings about fusion of the two coiled coil is expected (2). In the expected of L40H64C (Fig. 3D). T h e  reduced hyper- 
membranes. HA is a homotrimer in which parallel registered coiled coil, motion of the fine coupling constant and the strong col- 
each subunit consists of a sialic acid-bind- attached nitroxide would be much retarded lision rate with oxygen are also consistent 
ing domain (HA1) and a "fusion peptide"- because of secondary structure formation with the.  nitroxide being in the bilayer. 
containing domain (HA2). In the native and the increase of hydrodynamic radius. However, we observed some collision with 
state, the HA2 domain contains a helical Moreover, fairly strong spin-spin interac- chromium oxalate, indicating that the ni- 
hairpin structure, a short helix that is con- tions are expected because the nitroxides 
nected by means of a 28-residue loop to a are close to each other. Thus, the EPR 
long helical stem protruding from the viral spectral lines from the trimer should be o 
membrane ( 1  ) (Fig. 1A). However, this loop substantially broadened. The  solution spec- 11 

CH2-S-S-CH3 
region has been found to have a high coiled- tra at  low pH display mainly the spectral 
coil propensity (2) .  According to predic- component from the random-coil species 
tions from the study of model peptides, this with reduced intensity, plus a broad spectral 
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loop region may undergo a loop-to-helix component from the trimer species identi- 
conformational change after dissociation of fied in the integrated spectrum (Fig. 2). 
HA1 head domains (3) under endosomal Upon increase of the pH to neutrality, the 
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low pH, resulting in the extension of the full EPR intensity is recovered. These spec- 
coiled-coil stem of the native state. tral changes are consistent with a n  equilib- 

W e  studied by electron paramagnetic rium of the random coil and the registered 
resonance (EPR) the membrane binding trimer. The  calculated equilibrium con- 
properties of a 40-residue region (L40) of stants at various pH values were nearly 

;@ 

I 
HA, comprising the long loop and the first identical for both spin-labeled mutants (5). I 

part of the long a-helical stem of HA2. on the other hand, the EPR spectrum of Fig. 2. The f~rst-derivative EPR spectrum of spin- 

Two cysteine substitution mutants, L40H64C in the presence of vesicles at pH labeled L40H64C at pH 6.9 and 20°C (solid line) 
superimposed on that at pH 5.1 (dotted line). The 

L40H64C and L40V84C (Fig. lB) ,  were 5.2 (Fig. 3A)  is similar to the spectra of peptide concentration was I*M in buffer A 
synthesized and labeled with a sulfhydryl- other spin-labeled peptides such as melittin m M  Nac1, 50 m M  c i t r i c  acid, and 50 m~ so,-lum 
specific methanethiosulfonate nitroxide (6) and alamethicin (7) when they become phosphate adjusted to the indicated p~ with 2 M 
spin label 1 (4). T h e  solution properties of bound to membranes. The  estimated rota- NaOH). In the inset figure, 1 represents the nitrox- 
a 36-residue peptide from this area have tional correlation time, TR, is approximately ide spln label 1. 
been well characterized by Carr and Kim 
(2), who showed that this sequence revers- ,, (A) The native A 
ibly forms a three-stranded coiled coil in  state of HA2, ~ ~ l i ~ d ~ ~ ~ ,  

B 

acidic conditions. Moreover, 11 of its 40 stippled regions, and ,M??!?"?>.; 

residues are acidic, making it a likely can- hatched regions repre- ,,. ,,, , . , , ,  , . 
didate for the acid-sensitive switch for sent a helices, COOH- Fusion pepfide Shorta helix Coiled coil Transmembrane anchor 

trimerization and membrane interaction. terminal transmembrane N c 
The  relatively narrow three-line EPR domains# and fusion 

pept~des, respectively. 
(B) Diagram of the struc- RVIEKTNEKFHQIEKEF~EVEGRIQDLEKYVEDTKIDLW,", 
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troxide in this case is likely in the phospho- 
lipid head group region. The results of this 
EPR analysis of the spin-labeled variants 
L40H64C and L40V84C at 20°C strongly 
support the idea that both the NH,- and 
COOH-terminal regions of the peptide are 
in the bilayer, although their exact orien- 
tation there is unclear. 

A t  low temperatures, the trimer has 
been found to be much stabilized (2) .  Con- 
sistent with this observation, the amplitude 
of the solution spectrum of L40H64C at 
2°C is very small (Fig. 3E): Approxi~natel~ 
95% of the peptide is trimeric at a total 
peptide concentration of 10 p,M. O n  the 
other hand, the spectra in vesicles are sim- 
ilar to those at higher temperature (Fig. 3A)  
but show reduced motion. These character- 
istics indicate that the peptide inserts into 
the bilayer at 2°C despite significant stabi- 
lization of the trimer. 

According to our EPR data, both pep- 
tides in a membrane are likely monomeric. 
We do not observe any spectral features 

Fig. 3. Changes in EPR spectra of spin-labeled 
pept~des at endosomal pH conditions. (A to C) 
L40H64C, 20°C; (D) L40V84C, 20°C; (E) 
L40H64C, pH 4.6, 2°C. For (A), (D), and (E), the 
solid line corresponds to the labeled peptide in the 
presence of ves~cles of 1 -palmitoyl-2-oleoyl phos- 
phatidylcholine containing 20 mol% l-palm~toyl- 
2-oleoyl phosphatidylglycerol in buffer A (191, and 
the dotted line corresponds to the labeled peptide 
in the absence of phospholipids. For all samples, 
the final concentrations of peptides and of phos- 
pholipids were 8 to 10 pM and 50 mM, respec- 
tively (20). 

arising from spin-spin interactions. In addi- 
tion, the relatively fast T~ and strong colli- 
sion rates with oxygen for both spin-labeled 
variants indicate that the nitroxides are free 
of interactions with other peptides, similar 
to the situation with spin-labeled melittin 
in membranes 16). , , 

Adhesion of the fusion peptide to the 
target membrane after the conformational 

u 

change triggered by low pH is a rapid and 
irreversible step (1 0). Photoaffinity labeling 
of HA2 to phospholipids derived from cya- 
nobenzoic acid has been observed and in- 
creases after the onset of ~nembrane fusion 
( 10, 1 1 ). Labeling of HA2 during fusion 
may be partly a consequence of ~nembrane 
insertion of the coiled coil. 

To  investigate the relevance of mem- 
brane insertion of the peptide to HA-in- 
duced membrane fusion that occurs under 
endosomal low pH conditions, we exam- 
ined the pH dependence of peptide inser- 
tion into membranes. After increasing pH, 
we observed an increase of the narrow spec- 
tral component (Fig. 3, B and C) ,  indicat- 
ing the existence of random-coil s~ec ies  in 
t h i  water phase. The pH depenhence of 
membrane insertion of L40H64C correlates 
well with that of HA-induced membrane 
fusion (Fig. 4). The transition midpoint of 
L40V84C is -0.2 pH units lower. 

Obviously, the protonation of acidic res- 

Fig. 4. Membrane-inserted fraction of each pep- 
tide and HA-induced membrane fusion as a func- 
tion of pH (21): L40H64C (closed triangles); 
L40V84C (open circles); HA-induced fusion (open 
squares) (22). 

Fig. 5. (A) The acid-induced fusogenic state (2). 
(B) The proposed fusion intermediate. 

idues is required for ~nembrane insertion. 
The insertion of such a hydrophilic peptide 
into membranes is unusual, although it does 
not seem completely unreasonable after the 
multiple negative charges are mitigated at 
low pH. Approximately 80% of spin-labeled 
L40H64C inserts into neutral vesicles of 
l-palmitoyl-2-oleoyl phosphatidylcholine 
at pH 5.0. Because the pH dependence is 
similar to that of insertion into negatively 
charged membranes, the driving force for 
membrane insertion is probably hydropho- 
bic (1 2). 

We propose the following model (Fig. 
5 ) .  Insertion of the coiled-coil region into 
the membrane would be preceded by the 
conformational change that untethers the 
h a i r ~ i n  structure of HA2 13. 13). After ~, , 

the initial adhesion of the fusion peptide 
to the tareet membrane, we envision rawid - 
insertion of the coiled coil into the mem- 
brane at even higher DH than that for the " 

soluble peptide because the ~nembrane sur- 
face DH would be lower than the bulk DH 
and ;here could be effects of the reduced 
di~nensionality (14). We  also speculate 
that once the coiled-coil trimer gets em- 
bedded in the membrane, the hydrophobic 
helix interfaces become solvated bv hvdro- , , 
carbon chains of phospholipids and the 
t r i~ner  comes apart (Fig. 5). 

Proceeding to the formation of the 
hemifusion intermediate and the fusion 
pore (15) after insertion of the fusion pep- 
tide into the target membrane, we propose 
that ~nembrane insertion of the coiled-coil 
domain helps bring about juxtaposition of 
the two membranes. Cooperative interac- 
tions of several H A  coiled-coil trimers are 
likely required to overcome the strong re- 
pulsive forces operative as two hydrated 
membranes are brought together (16). 

Fusion induced by H A  can be triggered 
thermally (above 63OC) at neutral pH (1 7). 
A t  high temperature, the cr helicity of HA 
decreases sienificantlv as the HA2 domain " 
becomes denatured (17). A t  physiological 
temperatures, it is the low pH-induced loop- 
to-helix transition that is important for fu- 
sion (2). Thus, the pathways of heat- and 
pH-induced fusions are probably different. 
Membrane insertion is not a general prop- 
erty for all a~nphipathic coiled coils: A well- 
characterized, 33-residue, coiled-coil peptide 
from the GCN4 leucine zipper protein (18) 
does not interact with membranes under 
similar conditions to those in this work. 
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Quantitative Trait Locus for Reading Disability - 

on Chromosome 6 
Lon R. Cardon,*? Shelley D. Smith, David W. Fulker, 

William J. Kimberling, Bruce F. Pennington, 
John C. DeFries 

Interval mapping of data from two independent samples of sib pairs, at least one member 
of whom was reading disabled, revealed evidence for a quantitative trait locus (QTL) on 
chromosome 6. Results obtained from analyses of reading performance from 1 14 sib pairs 
genotyped for DNA markers localized the QTL to 6~21.3.  Analyses of corresponding data 
from an independent sample of 50 dizygotic twin pairs provided evidence for linkage to 
the same region. In combination, the replicate samples yielded a X2 value of 16.73 (P = 
0.0002). Examination of twin and kindred siblings with more extreme deficits in reading 
performance yielded even stronger evidence for a QTL (x2 = 27.35, P < 0.00001). The 
position of the QTL was narrowly defined with a 100: l  confidence interval to a 2-cen- 
timorgan region within the human leukocyte antigen complex. 

Reading disability (RD), or dyslexia, is a 
major social, educational, and mental 
health problem. In spite of average intelli- 
gence and adequate educational opportuni- 
ties, 5 to 10% of schoolchildren have sub- 
stantial reading deficits (1).  Clear evidence 
for familial transmission has existed for al- 
most a century, and results of recent twin 
and familv studies have shown a substantial 
genetic component to the disorder (Z), with 
heritable variation estimated at 50 to 70% 
(3). Mapping QTLs for RD would facilitate 
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identification of the functional eenes that - 
cause the disorder and improve risk estima- 
tion and earlv diaenosis. , " 

Several findings indicating possible link- 
ages for RD have been reported. In a study of 
nine three-generation families selected for a 
history of specific RD, we previously ob- 
tained evidence for a possible linkage on 
chromosome 15 (4). Recently, evidence of 
linkage has been reported for markers in the 
Rh region of chromosome 1 (5) and with a 
translocation between l p  and 2q (6). Fur- 
ther research with our kindreds has yielded 
evidence for a linkaee on chromosome 6 in 

0 

the human leukocyte antigen (HLA) region, 
but not for linkaee on chromosome 15 (5, - 
7). The present report describes results with 
more informative markers on chromosome 6 
in these kindreds and a replication in an 
independent sample of dizygotic (DZ) twins. 

The HLA region was targeted for this 
study because of a possible association be- 
tween dvslexia and autoimmune disorders 
(8). Results of previous studies have suggest- 
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ed that rates of autoimmune diseases are 
elevated in relatives of dyslexic ~robands 
and that the incidence of dyslexia is in- 
creased in relatives of probands having au- 
toimmune illnesses (9). Although the causal 
basis of the association is unknown, the 
evidence for association from these indepen- 
dent studies points to the HLA complex as a 
candidate region. 

Our kindred sibling sample comprises 358 
individuals from 19 families who were cho- 
sen from a varietv of sources, including clin- 
ics and private schools specializing in RD. 
Selection criteria included an extended fam- 
ily history of specific RD, as diagnosed by 
reading performance at least 2 years below 
expected grade level and in a pattern consis- 
tent with autosomal dominant inheritance 
(10). The twin sample comprises 50 families 
drawn from the Colorado twin study of RD 
(3). The twins range in age from 8 to 20 
years (mean, 12.16 years). Twin pairs in 
which at least one member had a vositive 
school history of reading ~roblems were ob- 
jectively and systematically selected through 
cooperating school districts. Individuals were 
administered a battery of psychometric tests 
including the Peabody individual achieve- 
ment tests (PIAT) and the WISC-R intelli- 
gence test (1  1 ). Subjects with verbal or per- 
formance IQ of at least 90 were diagnosed on 
the basis of a composite discriminant score. 
Discriminant weights for PIAT reading rec- 
ognition, reading comprehension, and spell- 
ing were computed from an independent 
sam~le of RD and control nontwin children 
in order to produce a continuous measure of 
RD with known psychometric properties. A 
comparable measure was constructed from 
the psychometric data obtained on the kin- 
dred samnle. We refer to this measure as the 
discriminant score for reading performance. 

One advantaee of usine DZ twins for " " 

linkage analysis is that they ~rovide a per- 
fect control for the effects of age. In the 
kindreds, which span three generations, 
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