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Recombinant DNA methods were used t o  create artificial proteins that undergo 
reversible gelation in response to  changes in pH or temperature. The proteins 
consist of terminal leucine zipper domains flanking a central, flexible, water- 
soluble polyelectrolyte segment. Formation of coiled-coil aggregates of the 
terminal domains in near-neutral aqueous solutions triggers formation of a 
three-dimensional polymer network, with the polyelectrolyte segment retain- 
ing solvent and preventing precipitation of the chain. Dissociation of the coiled- 
coil aggregates through elevation of pH or temperature causes dissolution of 
the gel and a return t o  the viscous behavior that is characteristic of polymer 
solutions. The mild conditions under which gel formation can be controlled 
(near-neutral pH and near-ambient temperature) suggest that these materials 
have potential in bioengineering applications requiring encapsulation or con- 
trolled release of molecular and cellular species. 

Thermally reversible network formation in zipper" end blocks flanking a water-soluble 
polymeric systems is a well-known phenom- polyelectrolyte domain. The modular nature 
enon (1-3). In aqueous solutions, synthetic of the design allows independent investiga- 
polymers such as poly(viny1 alcohol) (4), tion of the behavior of the individual terminal 
proteins such as gelatin (5),  and polysaccha- 1 and polyelectrolyte 2 blocks as well. 
rides such as carrageenan (6) exhibit revers- 
ible gelation within prescribed limits of con- 
centration and temperature. Despite the util- 
ity of this behavior (I), the molecular origins 
of gel formation in such systems are poorly 
understood, and opportunities for systematic 
engineering of gel properties are limited. Gel 
formation demands two seemingly contradic- 
tory kinds of behavior: Interchain interactions 
must be strong enough to form junction 
points in the molecular network, yet at the 
same time the chain cannot exclude solvent, 
or it will precipitate from solution rather than 
forming a swollen gel. Assignment of these 
two roles to different portions of a repetitive 
polymer such as poly(viny1 alcohol) is far 
from straightforward. Furthermore, the abili- 
ty to tune the gel-solution (gel-sol) transition 
conditions is limited in such systems. 

The approach to gel design presented here 
circumvents that problem through creation of 
multidomain ("triblock") artificial proteins in 
which the interchain binding and solvent re- 
tention functions are engineered independent- 
ly (7). The triblock architecture 3, illustrated 
in Fig. 1, consists of relatively short "leucine 
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Gelation of triblock proteins such as 3 is 
driven by the formation of dimers (and higher 
order aggregates) of the terminal leucine zip- 
per peptide domains (Fig. 2). The leucine 
zipper motif is characterized by a heptad 
periodicity generally designated abcdefg, 
where a and d are hydrophobic amino acids 
(frequently Leu, especially at position d) h d  
the residues at positions e and g are usually 
charged (8). Under appropriate conditions of 
pH and temperature, such peptides adopt he- 

formation of hydrophobic interhelical inter- 
faces, whereas the pH-dependent interactions 
between e and g residues modulate the sta- - 
bility of the coiled-coil aggregates. Aggrega- 
tion number (9), dimerization specificity 
(lo), aggregate stability (II), and aggregate 
structure (12) can be manipulated within 
wide limits through the control of chain 
length and amino acid sequence. The results 
of these studies suggest that the network 
junctions in gels of proteins such as 3 should 
be subject to similar control. 

The putative leucine zipper domain (des- 
ignated Helix in Fig. 1) comprises six heptad 
repeats. The choice of residues at positions a 
and d was based on the ald residue pattern of 
the Jun oncogene product (13); and a data- 
base developed by Lupas et al. (14), which 
identifies the most probable amino acids at 
positions a through g in naturally occurring 
coiled-coil proteins, was used to select resi- 
dues occupying the b, c, and f positions. Nine 
of the 12 e and g positions were populated by 
Glu residues in order to destabilize the 
coiled-coil structure in basic solutions and 
thereby to facilitate pH control of gelation 
and viscoelastic behavior. The polyelectro- 
lyte domain of 3, based on the Ala-Gly-rich 
sequence [(AG),PEG] ,,, was chosen because 
of its water solubility and absence of regular 
secondary structure (15)-features believed 
to be desirable in the design of highly swollen 
hydrogels (16). 

Proteins 1 through 3 were prepared by 
bacterial expression of the corresponding ar- 
tificial genes (17, 18). Circular dichroism 
(CD) spectroscopy confirmed the helical sec- 
ondary structures of 1 and 3 at room temper- 
ature, as well as the random coil character of 
2 (Fig. 3A) (19). In dilute solution, 1 and 3 
exhibited thermal unfolding transitions, with 

lical conformations that place the hydropho- the temperature of the transition midpoint 
bic a and d residues on a single face of the (T,) rising in each case from -30°C at pH 11 
helix. Aggregation, most often in the form of to 280°C at pH 6 (Fig. 3B) because of 
coiled-coil dimers, is then promoted by the progressive neutralization of the predomi- 

Fig. 1. Amino acid se- 
quences of the three pro- 
teins studied. Protein 1 
consists of 76 amino acids. MRGSHHHHHHGSDDDDKWA- Helix -IGDHVAPRDTSMGGC ( 1 ) 

42 of which make up the 
leucine zipper Helix. Pro- 
tein 2 consists of 122 ami- 
no acids, 90 of which make 
up the alanylglycine-rich 
repeat [(AG),PEG],,. Pro- 
tein 3 consists of 230 ami- 
no acids, 84 of which make 
up the Helix repeat and 90 
of which make up the ala- 

MRGSHHHHHHGSDDDDKASYRDPMG- [(AG)3PEG]I0 -ARMPTSW ( 2 ) 
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nantly acidic charged residues with decreas- 
ing pH (20). The abrupt increase in T, be- 
tween pH 7.5 and 6 is characteristic of coiled- 
coil peptides in which positions e and g are 
occupied predominantly by acidic residues 
(13). At pH values of 5 and below, no tran- 
sitions were observed for either protein at 
temperatures below 100°C, and the helical 
content decreased only slightly over the tem- 
perature range from 0" to 100°C. Acidic con- 
ditions stabilize the helix sufficiently that no 
thermal denaturation of 1 or 3 was observed. 

The gel-sol behavior of 3 in concentrated 
solution may be anticipated from the dilute 
solution behavior presented above. In a low- 
pH solution, the Glu side chains are proton- 
ated and the stability of the coiled-coil aggre- 
gates increases. Furthermore, protonation of 
the Glu residues in the polyelectrolyte linker 
domain causes the linker to collapse to a 
hydrophobic globule. Hence, precipitation of 
3 should occur at low pH, and this in fact was 
observed. With increasing pH, progressive 
deprotonation of the Glu residues occurs, re- 
sulting frst in swelling of the collapsed spacer 
block and eventually, at higher pH, in the dis- 
sociation of coiled-coil domains because of re- 
pulsive electrostatic interactions between pre- 
dominantly negatively charged end blocks. 
Thus, in a certain range of pH, the protein 
should form a thermoreversible physical gel, 
where the reversibility of the gelled state results 
from thermal dissociation of the coiled-coil do- 
mains. At sufficiently high pH, a viscous solu- 
tion of predominantly nonassociated proteins 
results. This proposed scenario is shown sche- 
matically in Fig. 2 and is borne out by simple 
visual observation: Aqueous solutions of 3, 

which flow readily at pH 10, exhibit no visible 
flow on a time scale of hours upon acidification 
to pH 7. Aqueous solutions of either 1 or 2 do 
not gel at any pH, indicating that both aggre- 
gating terminal groups 1 and a spacer block 2 
are necessary constituents of a gel-forming pro- 
tein of this type. 

In order to investigate the pH and temper- 
ature dependence of gelation, we used diffus- 
ing wave spectroscopy ( 2 4 ,  a noninvasive 
optical technique based on dynamic light 
scattering in the multiple scattering limit, to 
deduce the viscoelastic behavior of 3 by 
monitoring the thermally induced fluctua- 
tions of a dilute suspension of added scat- 
tering particles (22) .  The time-averaged 
mean-square displacement (MSD) of the 
tracer particles as a function of time, 
<r2(t )>,  may be obtained from the dy- 
namic intensitv autocorrelation function of 
light that is &ultiply scattered from these 
tracer particles (23) .  The MSD of the tracer 
particles contains essential information 
about the viscoelastic properties of the em- 
bedding medium. In particular, it can be 
shown that the MSD of the tracer particles 
is related to the shear creep compliance 
J ( t )  of an incompressible embedding me- 
dium by J(t ) = (~a lk ,7J  <r2(t )>, where 
a is the radius of a tracer particle and k,T is 
the thermal energy. Equivalently, the com- 
plex shear modulus G*(w) may be obtained 
from G*(w) = & T / ( i w ~ a  <i2(w)>), where 
<i2(w)> is the Fourier transform of <r2(t)>. 
In a viscous liquid, the tracer particles may 
freely diffuse, resulting in a MSD that increases 
linearly with time; whereas in an elastic medi- 
um, the amplitude of the tracer particle fluctu- 

Gel Viscous Liquld 

Fig. 2. Proposed physical gelation of monodisperse triblock copolymer 3. The chains are drawn as 
disulfide-linked dimers, joined through their COOH-terminal cysteine residues. Analysis with 
Ellman's reagent confirmed the absence of free thiols under the conditions used for spectroscopic 
and scattering studies. 

ations is limited, resulting in a plateau in the 
MSD (23). In a viscoelastic medium, the MSD 
will show some aspects of each limiting behav- 
ior. The MSDs measured for protein 3 (5% w/v 
in 10 mM tris buffer at 23°C) at pH 8.0,8.8, and 
9.5 are shown in Fig. 4A. At pH 8.0, the MSD 
exhibited a plateau that is characteristic of an 
elastic gel with a plateau modulus G', = 200 
Pa near w = 100 s-'. Such gel behavior was 
observed for protein concentrations above 
about 4% w/v. At pH 8.8, this plateau region 
was reduced to an inflection point, whereas at 
pH 9.5, the MSD increased with time as in a 
viscous liquid. These data show a progressive 
transformation from elastic to viscoelastic to 
viscous behavior and suggest that the gel point 
lies between pH 8.0 and 9.5. 

The thermal dependence of gelation for 3 
was investigated by cycling a 5% gel through 
a series of temperatures ranging from 23" to 
55°C at pH 7.8. The MSD versus time at 
various temperatures is plotted in Fig. 4B. 
The solid curves in Fig. 4B show the data 
obtained during the heating portion of the 
cycle; the dashed curve shows the MSD after 
cooling from 55" back to 23°C. These data 
show that as the temperature was increased to 
55"C, the gel progressively became a fluid. 
Furthermore, the gel state was recovered 
upon cooling back to 23OC from the fluid 
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Fig. 3. (A) Secondary structural analyses of 
proteins 1 ( e )  (5 pM), 2 (A) (5 yM), and 3 (0) 
(5 pM), using CD spectroscopy. Spectra were 
recorded at 25OC in 10 mM NaH2P04 and 150 
mM NaCl (pH 7.4 upon addition of 1 N NaOH). 
(B) Thermal denaturation Tm of proteins 1 (e) 
(5 yM) and 3 (0) (5 pM), monitored at 222 nm 
as a function of pH. Measurements were made 
in 10 mM NaH2P04 and 150 mM NaCl (pH 7.6). 
Tm was determined by taking the first deriva- 
tive of the CD signal [O] , , ,  with respect to 
temperature (K-'). 
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state at 55OC. However, a slight hysteresis 
occurred after a complete cycle of heating to 
55°C and returning to 23OC. This hysteresis 
suggests that there is a curing time associated 
with the refolding of the coiled-coil network 
junctions into the associated state. The 2- to 
3-hour equilibration time allotted between 
6-hour experiments was insufficient for the 
gel to recover its original state. 

The gelation behavior of polymers such 
as 3 illustrates the advantages of biological 
synthesis and assembly processes used in 
combination with concepts drawn from 
macromolecular materials science. The 
triblock protein design introduced here pre- 
serves the dimerization function of the 
leucine zipper domain but turns that func- 
tion toward entirely new objectives. Pro- 
tein-protein recognition, which in nature 
might lead to DNA binding, now results in 
the formation of switchable hydrogels. The 
biosynthetic approach allows precise and 
independent control of the length, compo- 
sition, and charge density of the polyelec- 
trolyte domain and of each of the relevant 
architectural features of the associative end 
blocks. For instance, modified versions of 3 
in which one acidic leucine zipper domain 
is replaced by a basic one undergo the 
gel-sol transition at much higher tempera- 
ture than does unmodified 3 (24). Such 
control is valuable in designing hydrogels 
of predetermined physical and biological 
properties (such as strength, porosity, and 
sensitivity to enzymatic degradation) and 

t (9 

Fig. 4. (A) Log-linear plot of the MSD [<r2(t )>] 
as a function of time for protein 3 (5% wlv in 
10 mM tris buffer at 23OC) for pH 8.0 (bottom 
curve), pH 8.8 (middle curve), and pH 9.5 (top 
curve). (B) Log-linear plot of the MSD as a 
function of time for protein 3 (5% wlv in 10 
mM tris at pH 7.8) collected upon heating from 
23OC (bottom solid curve) to 55OC (top solid 
curve) and upon cooling to 23OC (dashed 
curve). 

makes these triblock copolymer systems 
attractive candidates for use in molecular 
and cellular encapsulation and in controlled 
reagent delivery. 
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Atmospheric Residence Time of 
CH,Br Estimated from the 
Junge Spatial Variability 

Relation 
Jonah J. Colman, Donald R. Blake, F. Shewood Rowland 

The atmospheric residence t ime for methyl bromide (CH3Br) has been esti- 
mated as 0.8 ? 0.1 years from its empirical spatial variability relative t o  C2H,, 
C2Cl,, CHCl,, and CH,Cl. This evaluation of the atmospheric residence time, 
based on Junge's 1963 general proposal, provides an estimate for CH3Br that 
is independent of source and sink estimates. Methyl bromide from combined 
natural and anthropogenic sources furnishes about half of the bromine that 
enters the stratosphere, where it plays an important role in ozone destruction. 
This residence t ime is consistent wi th  the 0.7-year value recently calculated for 
CH,Br from the combined strength estimates for its known significant sinks. 

Chlorine and bromine atoms are primarily 
responsible for the stratospheric ozone deple- 
tion observed since the late 1970s (1). There- 
fore, anthropogenic production of many or- 
ganochlorine and organobromine compounds 
has been internationally banned since January 
1996 under the terms of the 1987 Montreal 
Protocol and its subsequent revisions. In the 
United States, the criterion for regulation for 
each compound under the Clean Air Act of 
1990 is a calculated ozone depletion potential 
(ODP) of 20.2, relative to CFC-11 (CC1,F) 
as 1 .O. Approximately half of the organobro- 
mine that reaches the stratosphere is carried 
there by CH,Br for which an ODP of 0.39 has 
recently been estimated (2), down from 0.6 
given in the 1994 Scientific Assessment of 
Ozone Depletion (1). A highly significant 
factor in ODP estimates is the atmospheric 
residence time (T) for each compound, and 
the latest estimate for CH,Br (2) uses a sink 
strength T estimate of 0.7 years (3). However, 
this estimate relies on several removal sinks 
(gas-phase reaction with the OH radical, oce- 
anic hydrolysis, and terrestrial reactive depo- 
sition), each with its own geographic and 
temporal variability. Given the uncertainties 
in these atmospheric processes, an estimate 
of T independent of particular sources and 
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sinks is highly desirable. Such an indepen- 
dent approach was proposed by Junge in 
1963 (4) based on an inverse relation between 
T and the spatial variability (defined as the 
spatial distribution's standard. deviation in 
mixing ratio divided by the mean mixing 
ratio), and elaborated theoretically since (5- 
8). However, the Junge relation has not pre- 
viously been applied to a spatial measure of 
variability for determination of T, presumably 
because of the lack of the necessary data on 
the variabilities of comparison compounds 
with known residence times. We have now 
used the empirical variabilities in the mixing 
ratios of ethane (C,H,), perchloroethylene 
(C,Cl,), chloroform (CHCI,), and methyl 
chloride (CH,Cl) in 3936 air samples collect- 
ed during the NASA PEM-Tropics-A (Pacific 
Exploratory Mission) aircraft flights in 1996 
to estimate T for CH,Br. 

The qualitative intuition that the longer a 
compound lasts in the atmosphere the more 
likely it is to be uniformly distributed was 
first put into a quantitative relation in 1963 by 
Junge (4) ,  who noted that "If the space and 
time distribution of sources and sinks were 
the same for all gases, the time and space 
variations of all constituents would be similar 
and the amplitudes would be proportional to 
T - ~ ~  (p. 2). Although these hypothetical re- 

quirements are unlikely to ever be rigorously 
met for any set of compounds, it is still a 

usehl gendanken experiment. Insufficient 
data on atmospheric residence times or spa- 
tial variations existed at the time to do more 
than state a general agreement with empirical 
observations. In 1974, Junge (9) compiled 
available data and deduced the approximate 
relation T X cr = 0.14, in which cr is the 
relative standard deviation, that is, the stan- 
dard deviation in the mixing ratio of a gas 
divided by the mean mixing ratio of that gas. 
He also investigated a numerical model that 
produced the result cr = 0.0216 X T-0 9 5 .  In 
1983 M. Hamrud investigated the effects of 
different spatial arrangements of sources and 
sinks on the relation between T and spatial 
variability in a two-dimensional numerical 
model (10). He found that the preexponential 
factor varied between 0.05 and 0.5 and the 
exponential term between -0.63 and -0.91. 
These numerical investigations provide 
strong evidence that a relation between T and 
spatial variability should exist in a suitable 
atmospheric data set, without establishing 
any best choice for numerical evaluation. 

Various attempts have been made to de- 
rive a relation between T and variability 
(mostly temporal) from first principles (5-8). 
With an assumed uniform sink distribution 
for species X, the highest mixing ratio of an 
individual measurement, [XI,, will be set by 
the shortest transit time from the source (or 
alternatively the shortest average transit time 
from a number of sources). The lowest [XIi 
will be set by the longest transit time from the 
source. The mean value of all [XIi will be set 
by the average transit time. If G o  or more 
compounds have identical source distribu- 
tions, then the range of [XIi around its mean 
value (for each compound) will be deter- 
mined by the magnitude of the decay constant 
for that compound. Further, if the removal 
rate is proportional to the mixing ratio (as for 
hydroxyl-initiated oxidation), and the com- 
pound is in approximately steady state in the 
atmosphere, the decay constant, and therefore 
the variability, will be inversely proportional 
to 7. 

In the real atmosphere, sources emit into a 
preexisting background of X that includes 
contributions from many different transit 
times. Junge accounted for this by estimating 
variability as deviations from a mean value. 
Additionally, some removal processes occur 
only at the surface (oceanic and terrestrial), 
while even hydroxyl-initiated oxidation is far 
from uniform in either space or time within 
the troposphere. However, Junge's result is 
empirical and not theoretical, and it is likely 
that some of these problems are averaged out 
in the PEM-Trovics-A data set. With several 
thousand air samples collected over a wide 
geographic area, the spatial history of the air 
parcels becomes essentially stochastic. 

As in any investigation of the relation 
between T and spatial variability, some ac- 
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