
is absorbed in the atmosphere, the  NIR 
water vapor bands. 

Thus, we see n o  lvay of defending Ste- 
vhen's statement that conclusions based o n  
broad-band meas~~rernents (1)  are inconsis- 
tent with other existing data sets lvhere 

u 

discrepancies \Yere found to occur betneen 
measurements in spectral bands and theory. 
Instead, the  broad-band solar absorption 
findings presented in our report (1)  are 
entirely consistent a i t h  existing spectral 
data sets, as both sho\v cloud absorption to  
be greater than the  magnitude predicted by 
theorv. 

Stephens makes another critical error 
n h e n  determining cloud absorption lvith the 
use of results shown in figure 6 of our report 
(1 ). Stephens deternlined cloud absorption, 
'4 ,  from the relationship A + R i T = 1. 
where R is reflectance and T is transmission, 
and h e  states that figure 6 in our report (1) 
indicates that a cloud with reflectance (al- 
bedo) 0.45 would absorb 0.40. His error is in 
assuming '4 occurs entirely in cloud. H e  does 
not account for the absorbine surface or for " 
the lower 10 km of the atmosphere as well. 
A n  appropriate relationship betneen R and 
'4 is R t A = 1, where A now is the 
fractional absorption by the combined atmo- 
sphere-surface system (7). T h e  analysis 
shown in figiire 6 in our report is not by itself 
sufficient to determine cloud absonxion; 
again we would refer the  reader to figure 2 in 
our report (or Fig. 1 here). Consequently, 
contrarv to Stevhens errolneous conclusion. 
in our report (1)  figure 1 is entirely consis- 
tent with figure 6 in our report, as those 

the same data. T h e  underlvine theme is that , " 
observations cannot be reconciled a i t h  the- 
ory, regardless of the units or method of 
formulating cloud absorption. 
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Interhelical Salt Bridges, Coiled-Coil 
Stability, and Specificity of Dimerization 

In their report ( I ) ,  Kevin J .  Lumb and 
Peter S .  Kim address the  contribution to the  
stability of the  G C N 4  leucine zipper of 
interhelical salt bridges between ionizable 
side chains at vositions e and o in the  

.3 

heptad repeat denoted gabcdef (residue i in 
chain 1 1~1th residue i' i i In chain 2, g to 
e'). W i t h  the  use of 13C-nuclear magnetic 
resonance spectroscopy (NMK), they mea- 
sured the  pK, (where K, is the  acidity con- 
stant) values of two pairs of Glu side chains 
potentially involved in interhelical salt 
bridges a i t h  Lys side chams in a synthetic 
model of the  holnodilneric leucine zipper of 
G C N 4  (GCN4-p 1) .  

Lumb and Kim (1)  state that potential 
salt bridges betneen G L L I ' ~ , ~ ~ '  and Lys27',27 
do not contribute to the  stabilitv of GCN4-  
p1 and that potential salt bridges between 
~ l ~ : r , 2 > '  and Lys'j'~" are destabilizing rel- 

atir e to alternative neutral-charge Interac- 

tions. They conclude that i t o  i' + 5 inter- 
helical salt bridges will not necessarilv con- " 

tribute favorably (and in  some cases will be 
~lnfavorable) to coiled-coil stability and 
dilnerization specificity. They suggest that if 
there was a favorable electrostatic interac- 
tion in the  folded GCN4-p 1, the  pK, of Glu 
side chains should have been lolver than in 
the  unfolded form. 

Lumb and Kim's interpretation of their 
results is not consistent a i t h  the  experi- 
mental findlngs that charged side chains a t  
these positions have been sho\vn to  play a 
key role in dilnerization specificity (het- 
erodimer formation) of Fos-JLIII leucine zip- 
pers and de novo designed coiled coils (2).  
Electrostatics have also been shown to  con- 
trol chain orientation (parallel versus anti- 
parallel) in model coiled coils (3) .  Destabi- 
lization of homodimers bv side chains bear- 
lng like charges at these positions is the  

mechanism proposed to favor heterodilner 
formation where potential interhelical i to 
i' t 5 salt bridges can form (2 ,  3) .  

Double-mutant cycle analyses carried 
out in  our laboratory o n  designed coiled 
coils have shown that the  net  electrostatic 
contribution per interhelical Glu-Lys salt 
bridge is -0.4 kcal/mol (4)  and + O . i  kcall 
rnol per Glu-Glu repulsion (5) .  

Because GLLL''~~~' are involved in hydro- 
phobic interactions n i t h  Va123'.23 through 
their methylenes [see figure 2 C  of (1 )], the 
solvent accessibly of the  charged carboxylate 
should accordingly be, o n  a time average, 
lorver in the  folded than in the  unfolded 
forn~.  Therefore, in the  folded form of 
GCN4-p1, will likely suffer a de- 
crease in solvation free energy (positive 
A 1 G  solvation). Unless there is strong evi- 
dence that this likely loss of solvation free 
energy is exactly compensated by a negative 
lAGLji,,,, tern1 or that both of these terms 
are equal to zero, one cannot conclude that 
there is n o  favorable contribution to the 
stability of GNC4-pl  from electrostatic in- 
teractions (negative AAG int) arising from 
the putative salt bridges betneen G ~ L I ~ ~ . ' ~ '  
and L,\;S~'',~' o n  the basis of no  change in the 
pK~, of G ~ L I ~ ~ . ' ~ ' .  011 the other hand, hydro- 
phobic interactions inr~olving G ~ L I ~ ' ~ ~ ~ '  in 
the folded form could play a crucial role in 
the net electrostatic contribution of these 
salt bridges to coiled-coil stability. A de- 
crease in solvation free energy of the  charged 
carboxylates of G ~ L I ~ ~ ~ ~ ~ '  in the folded form 
could be compensated for by the formation 
of hydrophobic interactions (involving the 
methylenes of GLLL~~ ' '~ '  and Va123'.23 side 
chains a t  positions a),  leaving a net stabili- 
zation provided by purely electrostatic inter- 
actions between Glu and Lys side chains at 
neutral pH, as determined by double-mutant 
cycle analysis o n  de novo designed coiled 
coils in our laboratory (4) .  

Lumb and Kim (1)  state that n h e n  
GlU20,,?0' are replaced by G l n  residues, the 

stability of GCN4-p l  is increased. T o  ex- 
plain this result, they propose that G l n  side 
chains pack more efficiently than Glu side 
chains a t  the dimer interface. This is more a 
consequence rather than a n  explanation. 
T h e  solvation free energy of a neutral polar 
group is about 60 kcalllnol less than that of 
a charged group (6).  Therefore the  fact that 
the  Gln'o~2" analog of GCN4-p l  is more 
stable likely results from a significantly low- 
er cost of solvation free energy upon pack- 
ing at the  dilner interface. L,loreover, re- 
placing the  charged carboxylate by a neu- 
tral carboxamide group could alleviate any 
destabilizing interaction of the  charged car- 
boxylate n i t h  polar groups in its surround- 
ing a t  the  dilner interface. Both effects 
should allow a stronger net contribution of 
hydrophobic interactions at the  dimer in- 
terface from hydrophobic moleties of 
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Gln2"2@' as compared to G ~ L L ~ @ ~ ~ @ ' .  

Also based o n  the  increased stability of 
the  Gln20'2@' GCN4-p l  analog, Lumb and 
Kim (1)  conclude that interhelical charge- 
charge interactions should not  be weighted 
more heavily than potential neutral-charge 
interactions a t  i and i' + 5 positions in the  
prediction of coiled-coil dimerization spec- 
ificity. Strictly speaking, this conclusion is 
only relevant to  the  stability of the  partic- 
ular case of GCN4-p l .  T o  make it a general 
statement o n  coiled-coil stability, a similar 
trend should be observed for a Gln22.22'  
GCN4-p1 analog. N o  such result is present- 
ed by Lumb and Kim (1) .  O n  the  other 
hand,  lvork carried out in our laboratory o n  
designed coiled coils lvith a n  entirely hy- 
drophobic dimerization interface (positions 
a and d)  has sholvn that potential interheli- 
cal i and i' + 5 Gln-Lys interactions pro- 
vide 0.15 kcaljmol (per pair) less stabiliza- 
tion free energy than Glu-Lys interactions 
(4) .  
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Response: Basic-region leucine zipper (bZIP) 
transcriotion factors bind to  D N A  as homo- 
or heterodimers, and the  specificity of 
dimerization resides in the  leucine-zipper 
region, a parallel, two-stranded coiled coil 
(1 ). Since 1972, interhelical salt bridges in 
coiled coils have been assumed to  be impor- 
tant for stability and dimerization specific- 
ity [see (Z)]. Our  study of the  G C N 4  leucine 
zipper (2)  challenges this long-held assump- 
tion and \\.ill naturally attract scrutiny. W e  
welcome the  opportunity to discuss the  
comments raised by Hodges and co-workers. 
In  particular, it is important to distinguish 
between pK, measurements and double-mu- 
tant cycle analyses. 

Flrst, although there are several factors 
that affect pK, values in proteins (3 ) ,  the  

difference in oK between the  folded and 
L <, 

unfolded states provides a direct measure of 
the  contribution of a n  ionizable group to  
the free energy of folding (AG,). This state- 
ment is a consequence of thermodynamics 
(3 ,  4 ) .  If a nega t i~~e ly  charged residue con- 
tributes fa\,orably to  l G f ,  the  pK, a i l l  be 
lolver in the  folded than in the  unfolded 
state (Fie. 1). A classic example of a salt , " ,  

bridge stabilizing a protein and thereby re- 
ducing a pK, is the  activating salt bridge of 
chymotrypsin; a dramatic example is the  
buried salt bridge in T4 lysozyme (5). 

Values of pKa can be measured accurate- 
ly using the  13C-NMR method described in 
our report (2).  In  particular, pK, value for 
the  unfolded-state was measured rather 
than estimated. These pK, measurements 
indicate una~nb ig~~ous ly  (2)  that the  nega- 
tively charged Glu residues that form salt 
bridges in the  crystal structures of the  
G C N 4  leucine zipper [figure 2A in (2) ;  see 
also (6 ,  7)] do  not make favorable contri- 
butions to l G , ,  relative to the  correspond- 
ine situation in which the  Glu residues are " 
neutral (protonated). 

Second, although it is possible that the  
situation differs in solution, our study fo- 
cused o n  residues that actually form salt 
bridges in high-resolution x-ray crystal 
structures ( 6 ,  7) .  In  contrast, salt bridge 
formation has been assumed in the  double- 
mutant cycle studies referred to  by Hodges 
et al. (8) .  There are nutnerous examples of 
potential salt bridges that do not  actually 
form in  crystal structures of various leucine 
zippers ( 6 ,  7, 9 ) .  

Third. contrarv to the  statements of 
Hodges et al., double-mutant cycle studies 
do  not  necessarilv measure electrostatic in- 
teractions (10).  1n a double-mutant cycle, 
the  residues of interest are mutated sepa- 
rately and together to measure the  free en- 
ergy of interaction betlveen the  t\vo residues 
of interest, called the  coupling energy (10, 
11 ). T h e  essential point is that the  coupling 
energy will contain contributions from all 
interactions betneen the  residues of inter- 
est, not just electrostatic. T h e  coupling en- 
ergy may reflect, for example, contributions 
from solvation, van der Waals contacts and 
indirect effects propagated through the  
structure as a result of the  mutations (10).  

Fersht et al. ( I $ )  have explained suc- 
cinctly that in order for a coupling energy 
to constitute a measure of an  electrostatic 
interaction, it must be sho\vn that (i)  the  
nonelectrostatic contributions to the  cou- 
pling energy in the  single mutants are ad- 
ditive in the  double mutant and, (ii) there 
are n o  conformational changes in the  mu- 
tant proteins that alter the  electrostatic in- 
teractions of the  unmutated charged residue " 

with the  rest of the  protein. 
T o  demonstrate that the  nonelectro- 

static terms are additive, the  coupling en- 

ergy must be shown to be negligible at high 
ionic strength, where coulombic interac- 
tions are screened (10).  T o  rule out confor- 
mational changes requires high-resolution 
structural data. Neither of these require- 
ments have been established in the  double- 
mutant cvcle studies of uutative interhelical 
salt bridges in coiled coils performed to date 
(8 ,  12).  Thus, although it is possible that 
the  coupling energies obtained in these 
studies correspond to electrostatic effects, it 
has not been determined if these studies are 
measuring only (or even predominantly) 
the  electrostatic interaction betlveen the  
residues of interest. 

Indeed, it seems likely that large, non- 
additive free enerev terms \\.ill result from -, 
structural reorganization at the  hydropho- 
bic helical interfaces of the  mutant coiled 
coils. In the  double-mutant cvcle studies of 
salt bridges in coiled coils reiorted to  date, 
residues a t  positions g' and e are changed to  
Ala or G l n  (8, 12).  This effective removal 
of the  side chain, especially for the  long side 
chains of Lvs and Are, a i l l  almost certainlv ", 

change the  hydrophobic contacts in thb 
interhelical core, which consists of residues 
a t  positions a, dl, e, and g', where prime ( ' )  
denotes residues of the  opposing helix (6,  7, 
9 ) .  Hydrophobic interactions are substan- 
tial (13) and could easily contribute 1 kcall 
mol to  the  coupling energy. In  the  absence 
of hieh-resolution structural data, one can- " 
not  assume that the  structural consequences 
of such indelicate mlitations are additive. 

T h e  largest fal~orable coupling energies 
that have been observed in coiled coils are 
betneen Glu and Arg residues in studies of 
the  VBP leucine zipper by Vinson and col- 
leagues [about - 1 kcal/mol, relative to Ala 

Unfolded Unfolded 

PK? + a----+a 
Native Native 

Fig. 1. Thermodynam~c cycle show~ng the rela- 
tronsh~p (3, 4) between pK, values and the free 
energy of foldrng (AG,). 

AG+'- - AG;'" = -2.303RT(pe - pKt) 

P, difference in the free energy of protonation in the 
native (N) and unfolded (U) states requires a differ- 
ence in AG, when the ionizable group is charged 
or neutral (protonated). 
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(12)l. We recently extended our pK, studies 
to Glu-Arg interactions. Because interheli- 
cal salt bridges between Glu and Arg resl- 
dues are not observed In the GCN4-u1 
crystal structure (6 ,  14) ,  we synthes~zed a 
GCN4-ol varlant In \vh~ch LvsZ7 \vas 
changed to Arg, \vhich could po'tentially 
form an interhelical salt bridge with GluZZ 
[figure 2A in (2)]. The pK, of G L u ~ ~  in the 
K27R variant is slightly lower in the fold- 
ed than in the unfolded state (Fig. 2), 
\vhich corresponds to an electrostatic con- 
tribution to AG, of about -0.06 % 0.1 
kcal/mol. Thus, even though a substantial 
coupling energy is reported for Glu-Arg 
pairs in the vitellogenin gene binding pro- 
tein leucine zipper, the directly measured 
contribution of the ionized form of GluZZ 
to AG, of the K27R variant of the GCN4 
leucine zipper is negligible, relative to the 
corresponding situation in which GluZ2 is 
neutral (protonated). 

What is actually known from experi- 
ment about the electrostatic contribution 
to dimerization specificity of the bZIP pro- 
teins and coiled coils? There is no uuestion 
that the relief of unfavorable interhelical 
electrostatic interactions in homodimers 

Fig. 2. pK, values of Glu2qn GCN4-pl (K27R) and 
in the unfolded-state model peptide GCN4- 
pl (K27R),,_,, (25) were measured as described 
previously (2) at 25°C and physiological ionic 
strength (10 mM sodium phosphate, 150 mM 
NaCI) from the changes in 13C-chemical shift of 
the Glu" carboxylate 6 carbon with pH. Folded- 
and unfolded-state pK, values of Glum are 4.07 ? 

0.08 and 4.1 3 ? 0.08, respectively. Glutamic acid 
enriched with 13C at the carboxylate 6 carbon was 
incorporated at residue 22 by peptide synthesis 
into GCN4-pl (K27R) and GCN4-pl (K27R),,-,, 
at a level of about lo%, allowing assignment of the 
Glu2%-13C resonance as In (2). Samples were 2.1 
mM In GCN4-pl(K27R) and 1.0 mM in GCN4- 
pl ,,_,,(K27R). Curves are least-squares fit to the 
Henderson-Hasselbach equation. 

contributes substantially to leucine-zipper 
heterodimerization specificity (1 7-20). In 
contrast, there is no compelling experimen- 
tal el~idence for net favorable electrostatic 
interactions in the GCN4 (2) or Fos/Jun 
leucine zippers (17) or in designed het- 
erodimeric coiled coils ( 1  8, 2 1 ). Indeed, 
several studies indicate that equal or greater 
stability can be obtained in coiled coils 
from interhelical charge-neutral interac- 
tions as from pairing residues of opposite 
charge (2, 8 ,  18, 23). Moreover, Lys resi- 
dues at e or g positions have an approxi- 
mately equal probability of pairing with Glu 
or Gln residues in naturallv occurring two- " 

stranded coiled coils (24), suggesting that 
there is no substantial advantage to formine " u 

a Glu-Lys salt bridge over a Gln-Lys inter- 
action. Finally, interactions betlveen sur- 
face charges in proteins are almost always 
very weak (3,  10, 22). 

The accurate prediction of bZIP dimer- 
ization specificity will almost certainly re- 
quire an evaluation of many pairwise inter- 
actions (24) between two particular helices, 
and electrostatic interactions in leucine zio- 
pers may well be context dependent (2 ) .  
Nevertheless, at present, it appears that the 
prediction of leucine-zipper (or other 
coiled-coil) dimerization specificity should 
not emphasize the formation of interhelical 
salt bridges over alternative charged-neutral 
interactions, but instead should focus on 
the avoidance of unfavorable electrostatic 
interactions (2). 
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the condtons of the pK, measurements, the circular 
dlchrolsm (CD) spectrum IS typlcal of an unfolded 
tolled-col peptde and IS Independent of tempera- 
ture from 25 to 70-C. and pH from 2.0 to 6.2 (16). At 
pH 6.8 and 25-C, the peptlde is >98O0 unfolded as 
judged by CD (761. 

26. We thank P. Harbury for valuable d~scuss~ons, and 
M. Burgess and J. Pang for peptde synthesis and 
mass spectrometry. Supported by grant GM44162 
from the Natlonal Institutes of Health. 

27 June 1995' accepted 20 September 1995 

SCIENCE VOL 271 23 FEBRUARY 1996 




