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An Unnatural Biopolymer 

Charles Y. Cho, Edmund J. Moran,* Sara R. Cherry, 
James C. Stephans, Stephen P. A. Fodor, Cynthia L. Adams, 

Arathi Sundaram, Jeffrey W. Jacobs, Peter G. Schultzt 
A highly efficient method has been developed for the solid-phase synthesis of an "unnatural 
biopolymer" consisting of chiral aminocarbonate monomers linked via a cafbamate back- 
bone. Oligocarbamates were synthesized from N-protected pnitrophenyl carbonate mono- 
mers, substituted with avariety of side chains, with greater than 99 percent overall coupling 
efficiencies per step. A spatially defined library of oligocarbamates was generated by using 
photochemical methods and screened for binding affinity to a monoclonal antibody. A 
number of high-affinity ligands were then synthesized and analyzed in solution with respect 
to their inhibition concentration values, waterloctanol partitioning coefficients, and proteo- 
lytic stability. These and other unnatural polymers may provide new frameworks for drug 
development and for testing theories of protein and peptide folding and structure. 

Polypeptides have been the focus of con- 
siderable attention with respect to their 
structure and folding, biological function, 
and therapeutic potential. The develop- 
ment of efficient solid-phase methodology 
for the synthesis of peptides (I), peptide 

'derivatives (2), and large peptide libraries 
(3-8) has greatly facilitated these studies. 
The development of efficient methods for 
the synthesis of unnatural biopolymers (9- 
11) composed of building blocks other than 
amino acids mav orovide new frameworks , . 
for generating macromolecules with novel 
properties. For example, polymers with im- 
proved pharmacokinetic properties (such as 
membrane permeability and biological sta- 
bility) might facilitate drug discovery, and 
~olvmers with altered conformational or 
^hydrogen-bonding properties may provide 
increased insight into biomolecular struc- 
ture and folding. We report the highly 
efficient solid-phase synthesis of oligocar- 
bamate polymers from a pool of chiral 
aminocarbonates and the synthesis and 
screening of a library of oligocarbamates for 
their ability to bind a monoclonal antibody 
(mAb) - 

The oligocarbamate backbone (Fig. I), 
in contrast to that of peptides, consists of a 
chiral ethylene backbone linked through 
relatively rigid carbamate groups. The a 
carbon, like that of peptides, is substituted 
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with side chains that contain a varietv of 
functional groups. Although the P carbon 
is unsubstituted in our initial target, addi- 
tional backbone modifications (and confor- 
mational restriction) can be incorporated 
via alkylation of the P carbon or the car- 
bamyl nitrogen. Oligocarbamates were syn- 
thesized from a pool of optically active 
N-protected aminocarbonates (Fig. 2) 
which. in turn. were derived from the 
corresponding optically active amino alco- 
hols. The latter are either commerciallv 
available or can be prepared in chiral form 
by reduction of the N-hydroxysuccinimidyl 
or pentafluorophenyl esters of N-protected 
amino acids (12). The a-amino group was 
protected with the use of either nitrovera- 
try1 chloroformate (1 3) (NVOC-(21) (for 
photochemical deprotection) or fluorenyl- 
methyl-N-hydroxysuccinimidyl carbonate 
(Fmoc-0%) (for base-catalyzed deprotec- 
tion) (14). When necessary, side chains 
were orotected as acid-labile tert-butvl es- 
ters, e'thers, or carbamates. protected' ami- 
no alcohols were converted to the corre- 
sponding N-protected p-rajtrophen~l car- 
bonate monomers by reaction with p-nitro- 
phenyl chloroformate in pyridine/CH2C12, 
generally in >80% yield. The carbonate 
monomers are stable for months at room 
temperature. 

Solid-phase synthesis of oligocarbamates 
involves the sequential base-catalyzed or 
light-dependent deprotection of the a-amino 
group of the growing polymer chain followed 
by coupling to the next protected p-nitrophe- 
nyl carbonate monomer (Fig. 2). The N-pro- 
tected "hydroxy-terminal" residue was cova- 
lently attached to polystyrene resin contain- 
ing either N-protected p-alkoxybenzyl amino 
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acid ester (15) or 4-(2'-4'-dimethoxyphenyl- 
aminomethy1)-phenol (1 6) linkers. A typical 
coupling cycle involved: (i) deprotection of 
the resin Fmoc group by treatment with 20% 
piperidine in N-methylpymolidinone (NMP); 
(ii) washing of deprotected resin with NMP; 
(iii) coupling with 100 mM Fmoc carbonate 
monomer in 50 mM diisopropylethylarnine 
(DIEA), 200 mM hydroxybenzotriazole 
(HOBt) in NMP for 4 hours at 25°C; and (iv) 
washing of resin with NMP. Side chain de- 
protection and cleavage from the resin were 
camed out as described for peptide synthesis 
(1 7). The products and yields of individual 
coupling reactions were monitored by analyt- 
ical reversed-phase high-performance liquid 
chromatography (HPLC) and quantitative 
ninhydrin tests (18). Overall coupling yields 
were greater than 99% per step. Oligocarba- 
mates were purified by preparative HPLC and 
characterized by fast atom bombardment mass 
spectrometry and nuclear magnetic resonance 
spectroscopy (1 9). 

In order to demonstrate that libraries of 
oligocarbamates can be generated and 

screened for receptor binding, an oligocar- 
bamate librarv was svnthesized bv using a 
light-directed' parallil synthesis' metcod 
previously described for the generation of 
oligopeptide libraries (4). This approach 
permits the spatially addressable synthesis 
and screening of individual oligocarbamates 
for receptor binding, thereby obviating the 
need for sequence analysis. Synthesis was 
carried out with NVOC-protected mono- 
mers that were deprotected by irradiation at 
365 nm (4). A library containing 256 oli- 
gocarbamates was synthesized with a binary 
masking strategy with the parent sequence 
AcYcFcAcScKcIcFcLc (this library contains 
all possible deletions of the parent se- 
quence) (4, 20). Carbamate coupling yields 
on the glass surface were determined as 
previously described for peptide couplings 
and were of comparable efficiency (290%) 
(4) .  . ., 

The oligocarbamate library was then 
screened for its ability to bind the a-AcYcKc- 
FcLc mAb, 20D6.3 (21), which was prepared 
by standard methods from BALBIC mice im- 

Fig. 1. Structures of an 
oligopeptide and the 
corresponding oligocar- ACN 

bamate (20). o ri, o k 

RI 

AcN 

0 Rz 0 R, 

u 
PG = Fmoc 

Fig. 2. (A) Synthesis of activated N-protected pnitrophenyl carbonate monomers: (a) BH,, 
tetrahydrofuran; (b) DCC, CH,CI,, N-hydroxysuccinimide, HOBt; then sodium borohydride, ethanol; 
(c) NVOC-CI or Fmoc-OSu, dioxane, NaHCO,, H,O; (d) pnitrophenylchloroformate, CH,CI,, 
pyridine. (B) Solid-phase synthesis of oligocarbamates: (a) monomer, HOBt, diisopropylethylamine, 
NMP; (b) piperidine, NMP; (c) acetic anhydride, NMP; and (d) trifluoroacetic acid, triethylsilane. R 
= H (Rink resin) (16) or amino acid (Wang resin) (15). 

munized with the keyhole limpet hemocyanin 
conjugate of AcYcKcFcLcG-OH (22) (G-OH 
represents a terminal Gly residue) (2 1, 23). 
The aminopropyl-derivatized glass surface 
containing the oligocarbamate library was 
treated with 20D6.3 in 50 mM tris, 150 mM 
NaCl buffer, pH 7.4, containing 10% calf 
serum at room temperature. Antibody'oligo- 
carbamate complexes were then detected by 
scanning epifluorescent microscopy with a 
goat a-mouse fluorescein-conjugated second- 
ary antibody (Fig. 3) (4). The oligocarba- 
mates AcKcFcLcG-OH, AcFcKcFcLcG-OH, 
AcYcKcFcLcG-OH, AcA'KcFcLcG-OH, and 
AcIcFcLcG-OH, which were among the 10 
highest affinity ligands based on fluorescence 
intensities, were then synthesized on an Ap- 
plied Biosystems model 43 1A peptide synthe- 
sizer. Competition enzyme-linked immuno- 
sorbent assay experiments with AcYcKcFc- 
LcG-bovine serum albumin conjugates re- 
vealed that all of these ligands bound to 
20D6.3 in solution with IC5, values between 
60 and 180 nM (22). In contrast, specific 
binding of the ligand AcYcIcLcG-OH, which 
ranked in the bottom 10% of the library, 
could not be detected up to ligand concentra- 
tions of 100 pM. These results suggest that 
the dominant epitope of 20D6.3 is -FcLc-. 
Consistent with this interpretation, 20D6.3 
also binds AcYcFcLcG-OH in solution with an 
IC,, on the order of 160 nM. Surprisingly, 
the fluorescence signal associated with this 
ligand ranked in the bottom 30% of the 
library, suggesting that the conformation of 
this ligand on the solid support may be differ- 
ent from that in solution (24). Nonetheless, 
the oligocarbamate library allowed us to rap- 
idly determine the epitope of 20D6.3. 

Because the oligocarbamate backbone 
(25) differs significantly from that of poly- 
peptides one might expect differences in 
lipophilicity, hydrogen-bonding properties, 
stability, and conformational flexibility. 
Comparison of the water-octanol partition- 

Fig. 3. Fluorescence intensities of oligocarba- 
mate-antibody 20D6.3 complexes detected by 
using a goat a-mouse fluorescein-conjugated 
antibody. Each 800 pm by 800 pm square 
represents an individual member of the library. 
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ing coefficients (26) of the peptides AcYK- 
FLG-OH (90) and AcYIFLG-OH (10) 
with the corresponding oligocarbamates 
AcYcKcFcLcG-OH (0.5) and AcYcIcF- 
'LCG-OH (0.4) revealed the latter to be 
significantly more hydrophobic. More- 
over, oligocarbamates were significantly 
more resistant to proteolytic degradation 
than peptides. Treatment of the peptides 
AcYKFLG-OH and AcYIFLG-OH with 
trypsin or porcine pepsin, respectively, 
resulted in complete degradation within 
20 min whereas the corresponding oligo- 
carbamates showed no appreciable deg- 
radation after 150 min (27). These char- . , 

acteristics of oligocarbamates may be re- 
flected in enhanced oharmacokinetic 
properties relative to oligopeptides. The 
structural and pharmacological properties 
of oligocarbamates and other polymers 
(such as substituted ureas and sulfones) 
may not only provide new tools for med- 
icinal chemists buy may also provide new 
opportunities to construct two- and three- 
dimensional biopolymers with novel prop- 
erties. 
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Discovery of Vapor Deposits in the Lunar Regolith 

Lindsay P. Keller* and David S. McKay 
Lunar soils contain micrometer-sized mineral grains surrounded by thin amorphous rims. 
Similar features have been produced by exposure of pristine grains to a simulated solar 
wind, leading to the widespread belief that the amorphous rims result from radiation 
damage.? Electron microscopy studies show, however, that the amorphous rims are 
compositionally distinct from their hosts and consist largely of vapor-deposited material 
generated by micrometeorite impacts into the lunar regolith. Vapor deposits slow the 
lunar erosion rate by solar wind sputtering, influence the optical properties of the lunar 
regolith, and may account for the presence of sodium and potassium in the lunar 
atmosphere. 

O n e  of the expectations during the Apollo 
program was that the mineral grains in 
lunar soils would provide an opportunity to 
monitor the activity of the ancient sun and 
the properties of the solar wind as a func- 
tion of time. However, it was soon realized 
that determination of the exposure history 
of individual grains was complicated by 
regolith processes, namely, meteoroid im- 
pact "gardening" orrthe lunar surface. Nev- 
ertheless, some workers tried to deduce the 
characteristics of the ancient solar wind 
from data acquired primarily from high- 
voltage transmission electron microscope 
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(TEM) studies of the fine-grained fractions 
of lunar soils. It was discovered that many 
of the mineral grains in the submicrometer 
size range are surrounded by thin amor- 
phous layers ( I )  that, it xa_s demonstrated, 
could be produced by exposing mineral 
grains to a high flux of low-energ ions in 
the laboratory. This result suggested that 
the interaction of the solar wind with crys- 
talline grains could produce the thin layer, 
where the crystallinity of the host grain was 
destroyed by implantation of solar wind 
ions ( 2 4 ) .  The concept that the amor- 
phous rims are a result of radiation damage 
has been widely cited and is firmly en- 
sconced in the literature. Our examination 
of the amorphous rims and their host grains 
shows, however, that most, if not all, of the 
amorphous rims formed primarily by the 
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