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organic polymer. Contrast between the two phases can be best 
achieved by etching away (oxygen plasma)12 the organic polymer 
to leave behind the textured glass surface, revealing cavities left 
by the polymer. Comparison of an etched SIPN composite with 
a transparent composite made from a preformed polymer (cellulose 
acetate) clearly displays a smaller domain size for SIPN com
posites over those materials derived from preformed polymers 
(Figure 1). 

A significant drawback associated with the sol-gel process is 
removal of the cosolvent, excess water, and liberated alcohol. 
Xerogels routinely shrink 70-80% during the drying process,5,13 

which precludes molding processes and can introduce a high degree 
of stress within materials. Because of this shrinkage, gels must 
be dried at unreasonably slow rates to avoid cracking and de
formation of the gel.5 In an effort to overcome the problems 
associated with xerogel formation, we have synthesized tetra-
alkoxysilanes from SiCl4 and the strained, cyclic alkenols 2 and 
5.14 By employing polymerizable monomers such as monomers 
2,3,4, or 5 as the cosolvent, the tetraalkoxysilane derivative, and 
a stoichiometric quantity of water, all components of the composite 
solution contribute to either the SiO2 network or the organic 
polymer. Since both the cosolvent and the liberated alcohol 
polymerize, gel drying is unnecessary and no gel shrinkage occurs 
(Scheme I). 

Since the nonshrinking formulations are essentially bulk po
lymerizations, kinetic studies of the ROMP rates and condensation 
rates at high monomer concentrations were studied in order to 
verify simultaneous completion of both reactions. At high con
centrations, the polymerization of alcohol 5 shows first-order 
behavior between 4.0 and 7.0 M(Jt=1.9x 10"2 s"1). At higher 
concentrations (pertinent for the bulk polymerization of 6), sig
nificant deviation toward faster rates is observed. Consistent with 
these observations, the ROMP of 5 is greater than 90% complete 
after 1.5 min. It is most convenient to match the sol-gel rates 
with these ROMP rates by adjusting the concentration of the 
condensation catalyst (NaF). For example, in the absence of 
ROMP catalysts, the condensation of compound 6 with stoi
chiometric water can be varied from several seconds to several 
days by simply adjusting the NaF concentration. To match the 
above ROMP rates, gel times of 1.5-2.0 min at 60 0C can be 
achieved by using NaF solutions near 50 mM. Significant de
viations from these matched rates result in systems that approach 
the homopolymerization limits: uncontrolled polymer precipitation 
when the ROMP rate is greater than the condensation rate, or 
brittle glasses which shrink (due to unreacted monomer evapo
ration) when the condensation rate is much greater than the 
ROMP rate. Under ideal reaction conditions, a transparent 
glass-polymer composite is obtained with no observable shrinkage. 
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Low molecular weight caged substances, inactive precursor 
molecules that can be activated photochemically, are useful tools 
for biochemical studies.1"4 Photolabile acyl enzyme adducts are 
also of interest in triggering enzymatic reactions.5 We now report 
a general approach to the construction of caged proteins based 
on methodology that allows site-specific incorporation of unnatural 
amino acids into proteins.6,7 This development should make 
possible a broad range of time-resolved experiments relevant to 
protein folding, protein-protein and protein-ligand interactions, 
catalytic mechanisms, and protein conformational studies. Here 
we describe the construction of a photoactivatable phage T4 
lysozyme (T4L) containing an aspartyl |S-nitrobenzyl ester (NB-
Asp) in the active site. 

T4L is a stable, well-characterized enzyme whose iysis of 
Escherichia coli cells provides a convenient and sensitive assay 
for catalytic activity.8 Aspartic acid 20 (Asp 20) and glutamic 
acid 11 (GIu 11) oppose one another across the binding cleft floor 
and are essential for catalytic activity.8,9 It has been proposed 
that GIu 11 of T4L donates a proton to the interglycosidic oxygen 
of /3(l-»4)-linked NAM-NAG residues of the cell wall and that 
the incipient oxonium ion decomposes to give a truncated poly
saccharide and a carbocation which is stabilized by Asp 20.10 An 
aspartyl /3-nitrobenzyl ester was therefore introduced at position 
20 to produce a catalytically inactive (caged) lysozyme. Upon 
irradiation, nitrobenzyl esters are known to undergo rapid (on the 
order of milliseconds11) conversion to the free acid plus o-
nitrosobenzaldehyde. Irradiation of the inactive, NB-Asp-con-
taining lysozyme thus generates a fully active protein. 

Because suppression of the Asp 20 amber mutant is carried out 
in vitro, it was necessary to verify that protein synthesized in vitro 
is the same as protein synthesized in vivo. T4L12 was expressed 
and purified to homogeneity from the cell-free coupled tran
scription-translation system of Zubay13 programmed with the 
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Figure 1. Course of T4 lysozymc purification (adapted from ref 12) from 
cell-free E. coli extract analyzed by 15% SDS-PAGE. Lanes: I. crude 
polyethylenimine lysate supernatant: 2. DEAE- and CM-cellulose tandem 
column wash: 3. pooled T4L-activc fractions from NaCl gradienl on 
CM-cellulose column; 4, purified in vitro produced T4L after cation-
exchange chromatography (Pharmacia Mono S); 5, T4L purified from 
IPTG-induced E. coli cells harboring the plasmid pHSe54.97.TA; 6, 
molecular weight standards. In vitro protein synthesis reactions were as 
described in rcfs 6 and 13. 

plasmid pHSe54.97.TA which encodes T4L behind the twin tac 
promoter (Figure 1). Both in vitro and in vivo preparations of 
T4L have the same chromatographic properties and apparent 
molecular mass of approximately 18 700 Da (daltons). More 
importantly, both preparations display the same kinetics toward 
lysis of E. coli strain Nap IV14 cells at three different substrate 
concentrations (data not shown). 

The amber mutant [D20 — TAG (pT4LD20am)l of T4L was 
constructed via the Eckstein method.15 When the in vitro protein 
synthesis system is programmed with plasmid pT4LD20am in the 
absence of suppressor tRNA, no synthesis of T4L is seen as 
determined by polyacrylamidc gel electrophoresis of [35S]-
methioninc-labcled proteins (lane 2, Figure 3). Based on scin
tillation counting of gel slices, less than 1.5% readthrough of the 
amber codon is observed at 2 mM added Mg2+. This control shows 
that the level of translation of the amber codon by noncognate 
tRNAs is insignificant under the conditions employed. Addition 
of 7.5 jig of full-length unacylated suppressor tRNAC U A (Figure 
2) to the pT4LD20am-programmed reaction again results in less 
than 1.5% readthrough at 2 mM added Mg2+ (Figure 3, lane 3). 
This control insures that protein produced from the amber mutant 
will not be heterogeneous due to partial incorporation of the 
natural 20 amino acids. In accord with the lack of a full-length 
T4L band, neither of these two control reactions yielded any lytic 
activity. In contrast, in vitro synthesis reactions primed with 
plasmid pHSe54,97.TA produced 40-50 n% of enzyme/mL of in 
vitro reaction mixture (lane 1, Figure 3). The wild-type in vitro 
reaction hydrolyzes E. coli cells at rates of approximately 4 
OD^onm units/min per 2 uL of in vitro supernatant.14 

(14) Nelson. M. A.; Gold. L. MoI. Gen. Genet. 1982, 188, 69. Superna-
lants (2 iiL) from suppression reactions were mixed with 1 OmI.of a -«500 
tig mL"1 suspension of E. coli cells in 50 mM Tris-HCI. I mM EDTA. pH 
7.4. and the change in absorbance at 450 nm was plotted as a function of time. 
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BflmHI-Hindlll fragment of pHSe54.97TA into RF MI3mpl8 and mutating 
the coding strand with oligonucleotide 5' GCCTTCTGTCTATTTATA-
GATTTT 3' (mismatches underlined). After screening, the mutant-con
taining duplex SamHI-Wi'milll was recloned into the pHSe expression vector 
to give pT4LD20am, and the entire T4L gene was sequenced. 
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Figure 2. Aminoacyl suppressor tRNAclM construction scheme Yeast 
tRNA11* containing CUA at the anticodon loop and missing the 3' ter
minal CA residues (tRNACUA (-CA)) was constructed according to 
Bruce and Uhlenbeck16 using synthetic rCUAA." NVOC-protected 
(nitrovertryloxycarbonyl) or BPOC-protected" (biphenylisopropyloxy-
carbonyl) aminoacyl pdCpA was synthesized and purified according to 
ref 19 and was then ligated to tRNACUA (-CA). Asp-tRNAclM (D and 
NB-Asp-tRNAclJA (2) were added to the suppression reactions of Figure 
3. Full-length unacylated lRNACUA was prepared by ligating pdCpA 
to lRNACUA (-CA). 
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Figure 3. Autoradiogram of in vitro suppression reactions labeled with 
["S]mcthioninc and containing the following plasmids and tRNAs: lane 
I, pHSe54,97.TA (wild type); 2. pT4LD20am without tRNACUA; 3, 
pT4LD20am and 7.5 *ig of full-length unacylated tRNACUA; 4, 
pT4LD20am and 7.5 u% of 1; 5, pT4LD20am and 7.5 u& of 2. Lane M 
contains l4C-methylated molecular weight standards. Intense bands of 
18.7 kDa mass correspond to T4L, and faint bands of 30 kDa mass 
correspond to (J-lactamasc (pHSc54,97TA also contains the ^-lactamase 
marker). Cleared supcrnatants (IO u\-) from terminated 30->iL in vitro 
reactions were incubated with 2 u\- of 2.5 mg mL-1 RNase A from 15 
min at 37 °C and then analyzed by 15% SDS-PAGE. Each 30-^L 
reaction contained 7 jiCi of |,5S|methionine. 

When supplemented with 7.5 ng of Asp-tRNAC U A , the 
pT4LD20am-primed system yielded a significant amount of 
material corresponding to T4L (Figure 3, lane 4). Furthermore, 
material produced in this reaction hydrolyzed E. coli cells at about 
27 ± 3% of the rate of the wild-type reaction. Scintillation 
counting of the bands from lanes 1 and 4 (Figure 3) gave a 
suppression efficiency of 22 ± 2%. Close agreement between 
recovered activity and amount of material produced argues 
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strongly that Asp-tRNACUA accurately delivers aspartic acid to 
amber mutant 20 of T4L. 

Suppression experiments were then carried out with the caged 
aspartyl |8-nitrobenzyl ester. When the pT4LD20am-programmed 
in vitro protein synthesis reaction was supplemented with 7.5 ixg 
of NB-Asp-tRNACUA, a T4L of the correct molecular weight was 
produced (lane 5, Figure 3). The NB-Asp-suppressed 
pT4LD20am produced about 37 ± 4% of full-length T4L com
pared to wild-type control, and the caged protein was catalytically 
inactive. However, the 2-nitrobenzyl group can be easily removed 
by photolysis: irradiation of the crude in vitro reaction super-
natants (lane 5, Figure 3) at X > 315 nm (Oriel Hg-Xe arc lamp, 
1000 W) restored lytic activity to the NB-Asp-suppressed T4L. 
The irradiated material yielded 32 ± 3% of the activity of the 
wild-type enzyme, agreeing very closely with suppression levels 
based on scintillation counting of gel bands. These results show 
that NB-Asp-tRNAcuA efficiently suppresses pT4LD20am to 
produce mutant T4L with latent activity that can be released by 
rapid photolysis. Moreover, virtually all of the caged protein is 
converted to the active form. We are currently extending this 
methodology to other amino acids such as serine, tyrosine, lysine, 
and cysteine located at both internal and external sites in a number 
of proteins. 
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Second-sphere coordination has been defined by Stoddart as 
the "non-covalent bonding of chemical entities to the first coor
dination sphere of a transition metal complex."lb The importance 
of such systems for biological receptors2"4 and for supramolecular 
assemblies5 has been noted.1 The use of crown ethers as sec
ond-sphere ligands via hydrogen bonding is well documented.6'7 

Numerous studies of cyclodextrins coordinated to transition-metal 
complexes have also appeared.1^7'8"14 However, even though 
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Figure 1. Structure of [(H20)5Ni(NC5H5)]2(Na)[calix[4]arene sulfo-
nate]-3.5H20 illustrating the bilayer arrangement of the calixarenes, the 
intercalation into the bilayer, and the second-sphere coordination of the 
transition-metal complex. The two independent Ni-N distances are 2.08 
(I)A, and the Ni-O(water) lengths range from 2.05 (1) to 2.18 (1) A. 

calixarenes are one of the most readily accessible three-dimensional 
macrocycles15 and are under intense investigation by numerous 
groups,16"18 no examples of second-sphere coordination have ap
peared. We report herein that the hydrophobic cavity of [ca-
lix[4]arene sulfonate]5" can be employed for such second-sphere 
coordination. In addition, the title compounds also exhibit a new 
type of intercalation behavior with regard to the bilayer assembly 
of the calixarenes.19"21 

Three equivalents of the deep blue Ni(NC5H5)3(N03)2
22'23 was 

dissolved in deionized water (with hydrolysis) to which 1 equiv 
of Na5[calix[4]arene sulfonate]19 had been added. The resultant 
pale blue solution yielded pale blue crystals of [(H2O)5Ni-
(NC5H5)]2(Na)[calix[4]arene sulfonate]-3.5H20 upon slow 
evaporation in a vacuum desiccator. The structure24 of the 
complex is shown in Figure 1. 

There are two different [(H2O)5Ni(NC5Hs)]2"1" cations in the 
assembly. In one the hydrophobic pyridine ring is complexed by 
the hydrophobic cavity of the calixarene. The depth of penetration 
of the aromatic moiety into the cavity may be measured by the 
distance of the centroid of the pyridine ring from the plane of the 
calixarene CH2 carbon atoms. For the nickel complex the value 
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E. D., MacNicol, D. D., Eds.; Oxford University Press: Oxford; Vol. 4, 1991; 
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University Press: Oxford; Vol. 4, 1991; pp 64-127. 
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Res. 1990, 20,631. 
(24) [(H2O)5Ni(NC5H5)] 2(Na)Jcalix[4]arene sulfonate]-3.5H20 crystal

lizes in the triclinic space group P\ with a = 12.487 (4) A, b = 14.281 (2) 
A, c = 15.055 (5) A, a = 85.66 (2)°, /3 = 80.07 (2)°, y = 80.48 (2)°, and 
Aaicd = 1-64 g cm"3 for Z = 2. Refinement based on 2441 observed reflections 
led to a final R value of 0.066. 
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