
cent theoretical studies of the  effects of 
chaos, both classical and quantutn, in asym- 
metric resonant cavities (1C). 

There are also examoles of tnicrolaser 
structures that were first demonstrated with 
inorganic selniconductors and were subse- 

u 

quently ltnpletnented wlth organics. T h e  
GaAs and InP tnlcrodlsk lasers have the  verv 
small volurnes and low-threshold power and 
current densities (1 1 ) .  T h e  lasing modes of 
these thumbtack-shaped lasers are also whis- 
pering-gallery modes. Microdisk lasers with 
molecular doped polymer (1 2)  and sublimed 
organic active,layers (1 3 )  have been recently 
reoorted. These lnicrolasers are of interest 
because of their slmple fabrication and po- 
tential t o  lower threshold pump powers as a 
result of strong elnission coupling to low-loss 
microcavitv resonances. 

111 addiLion to  being useful in  investigat- 
ing the  properties of novel resonators, or- 
ganic solid-state gain media have been con-  
sidered for possible replacement of liquid 
dye lasers. This  goal was one  of the  motiva- 
tions for the  earliest work o n  light a m ~ l i f i -  

u 

cation i n  organic films (1 )  and is still a n  
area of active research, and some sol~d-state 
organic laser dye materials have been mar- 
keted. However, their durability has not  
been adequate to  lead to  large-scale replace- 
ment  of liquid dye lasers. 

Developtnents in organic laser dyes also 
influenced the  design of efficient thin-film 
organic light-emitting diodes (LEDs) (14) ,  
in  which the  emissive layer consists of tris 
(8-hydroxyquinolinato) aluminum (Alq)  
doped with small amounts (-1%) of a laser 
dye such as DCM. T h e  excited states created 
electrically in the  host Alcl excite the  dye 
dopant thiough a process known as ~ i i r s tk r  
energy transfer. T h e  resultant etnission spec- 
trum is primarily that of the  dye, and the  
quantum yield is enhanced with respect to  
that of a film of only the  host Alq. Such dye- 
doped emissive layers are used in the  most 
efficient and reliable organic LEDs reported 
to  date (15) .  Advances i n  efficiency and 
lifetitne have also been made in  LEDs with  
conjugated-polymer emissive tnaterials (1 6 ) .  
These improve~nents in LED performance 
characteristics have stimulated fresh interest 
in organic laser research. For example, ad- 
vances in  conjugated-polymer design and 
synthesis have led to  several recent reports 
of stimulated emission from films tha t  c a n  
have high photolutninescence quantum yields 
and high optical gain ( 16, 1 7). 

Electrically driven lasing in organics is be- 
ing eagerly sought. Organic materials gener- 
ally have emission spectra that are red-shifted 
with respect to their absorption spectra, 
which makes it easier to create population 
inversion in comparison with inorganic semi- 
conductors, which 1nust first be made trans- 
parent because the  large absorption in the 

unpumped state is several orders of magnitude 
higher than that in organics. T h e  main diffi- 
culty in realizing organic diode lasers is that 
the low carrier mobilities in these materials 
tnake it difficult to create carrier densities 
high enough to generate the gain necessary to 
overcolne losses in  the laser cavity. There are 
other challenges as well: T h e  device technol- 
ogy is still in its infancy. Important design 
issues have to be addressed and advances in 
fabrication technologies are needed. There 
are encouraging developments. Progress has 
been made in achieving optically pumped la- 
ser action in materials or material combina- 
tions that are capable of charge transport (1 3, 
16,  1 7). Photopumped lasing has been dem- 
onstrated in resonator structures such as 
microdisks and planar microcavities, which 
are quite easily adapted for electrical injec- 
tion. However, much remains to be done, and 
considerable effort is being expended to 
bridge the gap that exists between present 
technology and a diode laser. This laser re- 
search should help LED technology as well. 

Organic laser materials, particularly the  
recently improved materials, will continue 
to be useful in  researching the  properties of 
resonators. There is currently much interest 
in lasers based o n  the  photonic band-gap 
concept, where the separation between theory 
and experiment is remarkably wide (18) .  
Organic gain tnedia have a number of prop- 
erties that are particularly suitable for these 

geometries. For example, they can be quite 
easllv tnade to  fill the  s u b n a v e l e ~ ~ ~ t h - s u e d  
hole; and crevlces that are characterystic fea- 
tures of vhotonic band-gav structures. T h e  " 

accelerated pace of research will tnake the  
future of organic solid-state lasers at least as 
interesting as the past. 
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Creating lsoprenoid Diversity 
James C. Sacchettini and C. Dale Poulter 

N a t u r e  relies o n  a n  intricate network of 
biosynthetic pathways to  produce the  cor- 
nucopia of stnall organic ~nolecules needed 
to support life. Among these, the  isoprenoids 
are extraordinarily diverse in  chemistry and 
structure. Over 23,000 individual isoprenoid 
cotnpounds have been characterized, and 
hundreds of new structures are reported 
each year. They serve as visual pigments, 
reproductive hormones, defensive agents, 
constituents of membranes, cotnponents of' 
signal transduction networks, mating 
pheromones, and photoprotective agents, 
to name only a few of their many roles. 
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Abnortnalltles associated wlth the  pathway 
can cause coronary heart  dlsease and can-  
cer, while a t  the  s a k e  time some isoprenoid 
compounds, such as taxol, offer promise as 
potent new drugs. 

Most of the  ~nolecular dlversltv 111 the  
isoprenoid pathway is created from the 
diphosphate esters of simple linear poly~111- 
saturated allylic alcohols such as dimeth- 
ylallyl alcohol (a  5-carbon molecule), ge- 
raniol ( a  l@-carbon molecule), farnesol (a  
15-carbon molecule), and geranylgeraniol 
(a  20-carbon molecule). T h e  hydrocarbon 
chains are constructed one isoarene unit at a 
time by addition of the  allylic moiety to the  
double bond in isopentenyl diphosphate, the 
fundatnental five-carbon building block in 
the  pathway, to  form the  next higher m e n -  
ber of the  series (see the  figure). Geranyl, 
farnesyl, and geranylgeranyl diphosphates lie 
at multiple branch points in  the  isoprenoid 

1788 SCIENCE VOL 2 i i  19 SEPTEMBER 1997 www.sc1e1 



pathway and are substrates for many en- saates, only a single aspartate-rich region 
qms. Them are primarily cyrlases, which is present and necmary. 
are responsible for generating the diverse Hopene synzhase, which does not use 
carbon skeletons for the qmthesis 0% the a diphosphate-containing substrate bt 
thous& af mono-, sesqui-, di-, and instead catalyze8 a proton-initiated 
aitwpenes; sterols; a d  ,cyclbtion of sqmlene, has a 
in nature. The strue- of three of DXDD motif that interacts 
these cyclasa are reported an pages with the amino group d 
1811, 1815, and 1820 (1-3) of 
thh issue, yielding clues to- 
how this is awfoplishd. 

. The chain e1ongation 
b .. 

&d cyclization reactions 
.'ofisoprenoid metablism 

. are eleetroph'dic alkyla- 
tiom in which a new car- 
bon-carbon SIT& bond is 
formed by atta* a highly 
reactive e l e c t r ~ ~ c i e n t  & 

>&malenene synthase and epi-aristdlo- 
cchene synthase also catalyze proton-pm- 
m o d  cyclizations. After the initial cy- 
clizz&ns of the carbocations gen'erated 
from dlylic diphosphates, both enzymes 

bond, or promnation of an epxide. Orrce de@mnate the intenmediates to give neu- 
f9pred, the wbocations can rearrange by tral me-bound cyclic sesquiterpene hy- 
hydrogen atom or &l group shifts and sub- clrw&om that are then reprotonatal at a 
squthtly dyclize by alkylating nearby double 
G~ds. Diverse familie of boprenoid m c -  
tifes, often formed fro 

,t, in an enzyme-spekific 
"--'@arise from differences in (i) the way sub- m y i a t f y l  diphasphate. as a proton shuttle triad for both pro- 
l;ipte is folded in the active sit:, (ii) how tonation and deproronation reactions, 
:;rmrbocationic intermediates ~ F E  stabilized to that describe crystal structures for three iso- whereas, in pentalenene synthpe* His309 
% i%d&urage or discourage mammgements, prenoid cyelm. is proposed to serve the function of rhe 
&'ad (iii] how positive charge is queflched The cyclme domains of three imprenoid triad. Thus, there are still a host of un- 

'.;&whe? th? p&ct is hmedh cyclases as well as famesyl dighasphate solved smcnrrsl and mechanistic qws- 
%-i .' Only a handful of the humheeds of en- synthase [the only orhw i so~mod bio- timabout these enzymes. 
P-$t.jZts inyrolved in isoprenoid chin  elmga- synthetic enzymewhwe &ree-dim&ionaf l'& similar folds for the chain elonga- 

rim and cydizationhave been studied,,and structure is known (5)3 have asjmilar swc- tian and cyclase enzymes ae, as pointed 
-genetic infmmatiom is available for only a ml motif, cmsisting of 10 to 12 mostly out by Laburg et al., consistat with the 
subset of b e .  DNA and amino acid w- antiparallel a helices that form a large ac- hypothesis that enzymes that catalyze 
quenee-comparisons offer only a tmraiihg tive site cavky. h b d g  ct d. (1 ) have la- successive steps in a mtablic pathway 
hint of possible ercrlutionary relationsfiips beled this motif the "boprenoid synthase evalve nne from another. This is a p t i eu-  
among isoprenoid enzymes that catalyze fold." Indeed, the s m W  similarities may larly attractive scenario for the isoprene 

' some of the chain elongation and cycti-  p well beyond the general composition pathway where similar chemical reactions 
tion reactions. Although them isiittle ovee- and arrangement of the protein backbone, give rise to a variety of different metabo- 
all similarity between amino aeid seqbences supporting an evolutionary relationship lites. A careful alignment of swctures fox 
for the chain elongation and cyclizatim en- far at least some chain elongation and cy- the chain elongation and cyclase enzymes 
rymes, proteins from both classes &at use clase enzymes. Aspartate-rich clusters are may provide new insights nor only about 
allylic diphosphates as s u b m  contain present in all fwr prate& The three en- structure .ahd raekanim but ahbut evolu- 

2- . .. ."' highly conserved aspartate-rich DDMeD zymes that use dip%+ate-containing tionary relationships. *.i6 - .  - -. 
motifs (D is aspartate, X any amino acid) substrates (pentateneat @ntlusea epl-mts- > -  .... $, . -  ye d 9 + j  &, -.. . - , j,,. cf 

'thought to be Mg2+ binding sites, h e c -  toloch'ene grtrtErase, h - I  diphs- R&~WWS L +  &g2f! - *f .. ,- r . ;  . J *  
C '  - ddtal studica esrablishal that famesy1 p b t ~  qmrharef dl con& DDXXDmthe c. Lmburg, (I,. m, D, E,, O; & . diphosphate synthase, a chain elongation walb of h e  %the site cavity. ?he aspar- chri-, Scisnr?r, m, (1997). - - . 

enzyme, will cyclize its n~rmai product to a w t e  me involved in binding mulriple ' 2. tc. U. wen&, K. ?oralla, G. E. ~chu~z, i l?~,,, p. 
sequiterpene hydrocarbon under appropri- Mg2+ ions, which stabilize binding of . $81 1. < .  

ate conditions (4). Thepotential relations di~hoapbte goups in .the mlxtrates. 3. C. M. SW&* K. J. C~RPN: J. P. ~ X J I ~  
ibid,, p. 1815, * : ';, ,' among farnesyl diphosphste synthase Pameyl diphmpbate synthase has two of 
A saro am *, a.w; Br&K:hemhem ' pentalenene synthase, epi-aristorldene these motifs, one for the allylie m e  Bisphp. POB; 508 (,wl). . 

* '  ,synthase, and hopene syn* ate brought and the other far isapentenyl diphcbsphate. 5. L. C. Tarshio, M,  an, C. D. POU~~W, J. C. 
- % -  '@to focus by the three papers in this issue For the cycleases that ase diphwphate sub- m n i ,  BioohemistryS, lW71 (IW). 
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