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Cleavage of an Amide Bond by a Ribozyme 
Xiaochang Dai, Alain De Mesmaeker, Gerald F. Joyce* 

A variant form of a group I ribozyme, optimized by in vitro evolution for its ability to 
catalyze magnesium-dependent phosphoester transfer reactions involving DNA sub- 
strates, also catalyzes the cleavage of an unactivated alkyl amide when that linkage is 
presented in the context of an oligodeoxynucleotide analog. Substrates containing an 
amide bond that joins either two DNA oligos, or a DNA oligo and a short peptide, are 
cleaved in a magnesium-dependent fashion to generate the expected products. The 
first-order rate constant, k,,,, is 0.1 x l op5  minpl to 1 x l o p 5  min-' for the DNA- 
flanked substrates, which corresponds to a rate acceleration of more than l o 3  as 
compared with the uncatalyzed reaction. 

A11 of the RNA enzymes (ribozymes) that 
are known to exist in nature carry out phos- 
phoester cleavage or phosphoester transfer 
reactions involving RNA substrates. A no- 
table exception may prove to be 23s ribo- 
somal RNA from Thermus aquaticus, which 
likelv catalvzes the formation of an amide 
bond betwien a n  aminoacyl oligonucleo- 
tide and the aminoacvl nucleoside analoe 
puromycin ( 1 ) .  It ha; not been possible: 
however. to carrv out this reaction in the 
complete absence of protein. 

Since the discovery of ribozymes in na- 
ture (Z), there has been considerable interest 
in exploring the catalytic potential of RNA 
in the laboratory. A broad functional capac- 
ity seems plausible not only on chemical 
grounds but also in light of the presumed role 
of RNA during the early history of life on  
Earth ( 3 .  4). Cech and co-workers have . ,  , 

shown that the Tetrahymena group I ri- 
bozyme, which normally catalyzes phos- 
phoester transfer reactions involving RNA 

DNAl 
5 ' m r & T  

substrates, can be made to accelerate the 
hydrolysis of a carboxyester 5- to 15-fold 
when that linkage is presented in the con- 
text of an aminoacyl oligonucleotide (5). 
The development of in vitro selection and in 
vitro evolution methodology promises to fur- 
ther exnand' the known rewertoire of RNA 
enzymes (6). Recently, for example, Schultz 
and co-workers generated an RNA enzvme 
that catalyzes theY interconversion of two' ro- 
tational isomers of a hindered biphenyl com- 
pound, accelerating this process about 100- 
fold (7). 

The Tetrahymena group I ribozyme cata- 
lyzes the sequence-specific cleavage of RNA 
substrates by a Mg2+-dependent phos- 
phoester transfer mechanism (8). The reac- 
tion involves nucleowhilic attack bv 
guanosine 3'-hydroxyl at  a specific phos- 
phodiester linkage within the ribozyme- 
bound substrate. Binding specificity derives 
from Watson-Crick base oairinc! between a - 
template domain that lies near the 5' end of 

Fig. 1. Proposed scheme for RNA-catalyzed amide cleavage. Hybridization of the rlbozyme's IGS 
(3'-GGGAGG-5') to DNAl (5'-CCCTCT-3') positions the amide in close proximity to the ribozyme's 
3'-terminal guanosine. Nucleophilic attack by Go, on the carbonyl carbon of the substrate, in the 
presence of Mg2+, results in release of DNAl (terminated by a 3' amine) and esteriflcation of the ribozyme 
to DNA2. The carboxyester intermediate is expected to undergo spontaneous hydrolysis, releasing DNA2 
(terminated by a 5' carboxyl) and allowing turnover of the rlbozyme. Substrates were prepared by 
solid-phase synthesis, with the use of standard phosphoramidite chemistry (26); the amide linkage was 
provlded In the context of a thymidine dlmer ( 7  7). 5'-Dlrnethoxytr~tyl substrates were purlfied by reversed- 
phase high-pressure llquld chromatography, deprotected, then further purlfied by denaturing PAGE and 
reversed-phase chromatography (DuPont NENsorb). Ribozymes were prepared by in vitro transcription 
(12). The evolved ribozyme in this study (generation 27, clone 48) (12) contained 17 mutations relative to 
the wild-type Tetrahymena ribozyme: 44: G + A ;  51/52: insert AGAA; 87: A +delete; 94: A + U;  11 5: 
A+U;116:G+A;166:C+A; 170:C+U;188:G+A; 190:U+A;191:G+U;205:U+C;215: 
G+A;239:  U+A;312:G+A;350:C+U;and364:C+U. 
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the ribozyme (the internal guide sequence or 
IGS) and substrate nucleotides located on 
the 5' side of the cleavage site. In addition, 
the ribozyme forms tertiary contacts with the 
IGS-substrate duplex, adding 4 kcal mol-' of 
binding energy and positioning the substrate 
in close proximity to the guanosine nucleo- 
phile (9). When provided with a DNA rath- 
er than RNA substrate, the ribozyme cannot 
form these tertiary contacts and its catalytic 
efficiency (kCat/Km) is reduced from 1 x lo7 
M-' min-' for RNA to 40 M-' min-' for 
DNA (10, 11). 

In previous work, we applied an in vitro 
evolution procedure to a large population of 
Tetrahymena ribozyme variants to obtain 
molecules that catalyzed sequence-specific 
DNA cleavage with lo5-fold improved effi- 
ciency as compared with that of the wild- 
type ribozyme (1 1, 12). The evolved ri- 
bozymes had developed novel tertiary con- 
tacts that provided 5 kcal mol-' of binding 
energy beyond what could be attributed to 
IGS-substrate base-pairing interactions. 
They retained the ability to cleave RNA 
with high efficiency (kCat/Km = 3 x lo7 M-' 
min-'). When provided with a DNA sub- 
strate that contained a single arabinonucleo- 
side at the cleavage site, the evolved, but not 
the wild-type, ribozymes catalyzed efficient 
substrate cleavage (k,,lKm = 3 x lo7 M-' 
min-' ) (1 3). The DNA-cleavage reaction 
required that the sequence 5' of the cleavage 
site be complementary to the IGS but was 
not constrained by the sequence 3' of the 
cleavage site (14). Thus, the evolved ri- 
bozymes were able to react with a variety of 
substrates, so long as they contained a target 
pentose-phosphate located immediately 
downstream from a region that could form 
stable Watson-Crick pairs with the IGS. 

Because the phosphate ground state and 
the transition state for amide hydrolysis have 
a similar tetrahedral geometry, we reasoned 
that the ability of the evolved ribozymes to 
target phosphate esters in the context of a 
nucleic acid substrate might facilitate cleav- 
age of carboxamides in the same context. 
The catalytic MgZ+, which has a demon- 
strated role in stabilizing the 3'-alkoxy leav- 
ing group during phosphoester cleavage (1 5) 
and a likely role in coordinating to a non- 
bridging phosphate oxygen (1 6), might play 
analogous roles in stabilizing the 3'-NH2 
leaving group and coordinating to the car- 
bony1 oxygen during amide cleavage. To test 
this hypothesis, we prepared an oligode- 
oxynucleotide analog substrate containing a 
3'-NH-CO-CH2-5' linkage (1 7) at the de- 
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Fig. 2. RNA-catalyzed 
cleavage of phosphodi- 
ester- and amide-linked 
substrates. Substrates 
were 5' labeled with the 
use of T4 polynucleotide 
kinase and [y-32P]ATP or 
3' labeled with the use of 
terminal deoxynucleoti- 
dyl transferase and 
[a-32P]ddATP (indicated 
by 32PA) (1 1). Authentic 
DNAl,, and DNAINH~ 
were similarly 5' labeled 
and served as markers 
(lane M) for the expected 
5'-cleavaae wroducts. - ,  

DNA1 NHz was prepared 
from d(GGCCCTC) by 
enzymatic addition of 
TNH2 [reaction condi- 
tions: 175 p,M synthetic 

2 DNAl 

0 
53.32~ 3#.32p~ y.32~ 3#.32p~ 

' M -  t PI"- ' M -  t PI"-+' 

DNA oligo, 1 m~~3'-ami- 
no-3'-deoxythymidine- 
5'-triphosphate, terminal 
transferase (3.4 U pl-I), 
100 mM sodium caco- 
dylate (pH 7.2), 2 mM 
CoCl,, and 2 mM 2-mer- D N A ~ ~ H -  1 

captoethanol, incubated 
at 37°C for 1 hour]. La- 
beled substrates and 
markers were purified 
by denaturing PAGE 
and reversed-phase 
chromatography. Minus 
signs, unincubated; plus 
signs, incubated in the 
presence of ribozyme. 
DNA1 ,, migrates slight- 
ly more Aowly than does DNA1 .. because the terminal amine (pk, -. 8.1, determined for 3'-amino-2',3'- 
dideoxythymidine by 13C-NMR spectroscopy) is partially protonated under the gel electrophoresis condi- 
tions (pH 8.3). Reaction conditions: 1 .O pM ribozyme, 1.0 pM substrate, 10 mM MgCI,, and 30 mM EPPS 
(pH 7.5) at 37"C, incubated for 20 min for phosphodiester substrate or 18 hours for amide substrate. PI 
nuclease ladders (lane PI) were obtained by partial digestion of 5'-labeled substrate [reaction conditions: 
0.3 pM substrate, PI nuclease (2 x U pi-'), 0.1 mM ZnCI,, and 10 mM sodium acetate (pH 5.2), 
incubated at 50°C for 10 min]. PI nuclease does not cleave the amide bond or the phosphodiester linkages 
that lie one nucleotide upstream or downstream from the amide. Reaction products were separated by 
electrophoresis in a 20% polyacrylamide-8 M urea gel, an autoradiogram of which is shown. Rz-DNA2 
denotes the expected position of ribozyrne that is covalently linked to DNA2. 

sired cleavage site, located between an up- 
stream sequence [5'-GGCCCTCT-3' 
(DNAl)] that can form base pairs with the 
ribozyme IGS and a downstream sequence 
[5'-TAA(TAAA),-3' (DNA2)l that will be 
transferred to the nucleophilic guanosine 3'- 
hvdroxvl as a consequence of amide cleavage 
( ~ i ~ .  1). 

- 

Incubation of [5'-32P]-labeled amide-con- 
taining substrate kith the evolved ribozyme 
and MgCI, generated two labeled products 
that co-migrated with authentic [5'-"PIG- 
G C C f l f l , ,  and [5'-32P]GGCCCTCoH 
(Fig. 2). ~ncubation of [3'-32P-A]-labeled 
amide-containing substrate under the same 
conditions generated two labeled products: 
one that migrated slightly more slowly than 
the ribozyme and the other of the expected 
length for HmTAA(TA3)3[3'-32P-A] (Fig. 

2). No 5' or 3' cleavage products were de- 
tected when the amide-containing substrate 
was incubated without ribozyme or with the 
wild-type Tetruhymena ribozyme. Precautions 
were taken to ensure that the observed ac- 
tivity was not due to a contaminating pro- 
tease or amidase protein (1 8). 

The purified 5' cleavage product and au- 
thentic DNAlNH2 were equally reactive with 
ninhydrin, which is consistent with the pres- 
ence of a primary amine; whereas intact 
amide-containing substrate and DNAloH 
were nonreactive. We used sulfosuccinimi- 
dyl-6-(biotinamido) hexanoate, which forms 
a stable covalent adduct with primary 
amines, to modify the 5' cleavage product 
and authentic DNA~NH,  in a side-by-side 
manner (Fig. 3). For both compounds, the 
apparent rate constant kob, for the deriva- 
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Fig. 3. Characterization of the products of RNA-catalyzed amide DNAl,, DNAI,,, 5'Product DNA1- DNA1- DNAl- DNAI- 
cleavage. Authentic [5'-32P]DNA1 .., and [5'-32P]DNA1 as well - 30' - 30' - 30 Met Arg Arg:, ArgS 
as the slower-migrating 5' product obtained by RNA-catalyzed M -""+' + - + - + -  
cleavage of [5'-32P]DNA1 NH,-,H2DNA2 were covalently modified 
and subjected to gel-shift analysis. Labeled compounds were pu- 
rified by denaturing PAGE and reversed-phase chromatography c1, 
before derivatization. Reaction conditions: 1 nM DNA oligo, 30 mM - - 
sulfosuccinimidyl-6-(biotinamido) hexanoate (Pierce Chemical), and . A 

- 
100 mM NaHCO, (pH 8.5), incubated at 25OC for 5 or 30 min. - 
Reaction products were separated by electrophoresis in a 20% 
polyacrylamide-8 M urea gel, an autoradiogram of which is shown. 4 

DNAlNH2+ - .  - 
The slower-migrating species corresponds to covalent addition of 
6-biotinamido hexanoate to the primary amine of DNA1 NH2. Values .- 

for k,, were obtained by replicate time-course experiments under these reaction conditions; reactions 
were followed for more than three half-lives. 

tization reaction at pH 8.5 was 0.033 2 
0.005 min-'. On this basis, we concluded 
that the slower-migrating 5' cleavage prod- 
uct was indeed GGCCCTCT,, . 

The rate of RNA-catalyzed akide cleav- 
age was slow, only 1 X min-' at pH 7.5 
and 37°C (19). Nonetheless, this is about 
10) times faster than that of the uncatalyzed 
reaction, which is undetectable in our system 
(ku,,,, < 6 x min-I) but is expected to 
be less than lop9 min-' on the basis of the 
rate of hydrolysis of N-methylacetamide at 
pH 7.5 and 25°C (20). A slightly different 
amide-containing substrate, in which the 
downstream sequence was changed from 5'- 
TAA(TAAA),-3' to 5'-TAG(TAAA),-3', 
was cleaved somewhat faster (kc,, = 1 x 

min-I). 
The RNA-catalyzed amide cleavage re- 

action was absolutely dependent on Mg2+. 
A trace amount of cleavage was observed in 
the presence of 10 mM MnCl,, in contrast 
to the RNA and DNA cleavage reactions, 
which proceed readily in MnC12. No amide 
cleavage was detected in the presence of 
Zn2+, Ca2+, or Sr2+. The Mg2+-dependent 
reaction was optimal in the presence of 20 
mM MgCl, and was not accelerated by the 
addition of 0.1 to 1 mM ZnC12. 

We were unable to isolate the putative 
acyl intermediate in the amide cleavage re- 
action, because its electrophoretic mobility 
was nearly identical to that of the phos- 
phoester transfer product resulting from mis- 
cleavage one nucleotide upstream of the 
amide. When we used a truncated form of 
the ribozyme lacking the 3'-terminal 
guanosine and supplied the nucleophile in 
the form of free guanosine, there was no 
detectable substrate cleavage. However, 
three indirect pieces of evidence point to the 
existence of the acyl intermediate. First, 
RNA-catalyzed cleavage of the 3'-labeled 
amide-containing substrate produced a slow- 
ly migrating species corresponding in length 
to the ribozyme-DNA2 adduct (Fig. 2). Sec- 
ond, the 5' products resulting from cleavage 
of the amide-containing and all-DNA sub- 
strates were present in nearly equal amounts, 
whereas the free 3' cleavage products, pre- 
sumably HoocTAA(TAAA)3[3'-32P-A] and 

pTAA(TAAA)3[3'-32P-A], were present in 
unequal amounts; the larger amount of the 
former likely reflects the more facile hydrol- 
ysis of the acyl intermediate as compared 
with the phosphoester intermediate. Third, 
incubation of unlabeled amide-containing 
substrate with the evolved ribozyme and au- 
thentic [5'-32P]DNA1NH2 generated full- 
length 5'-labeled substrate, which is indica- 
tive of amide bond formation. This reaction, 
which did not occur with the mismatched 
substrate [5'-32P]AGCGGTTNH2, likely in- 
volves attack of [5'-32P]DNA1NH2 on the 
unlabeled acyl intermediate. 

To explore the generality of the RNA- 
catalyzed amide cleavage reaction, we pre- 
pared a series of substrates in which an 
amino acid or short peptide was appended 
to DNAl by an amide linkage (21). Of 
four substrates tested, DNA1-Met and 
DNA1-(Arg), (n = 1, 2, or 3) all were 
cleaved by the ribozyme at the amide link- 
age immediately after DNAl as well as at 
the phosphodiester linkage one nucleotide 
upstream from the amide (Fig. 4). No 
cleavage was observed at the peptide link- 
ages within the (Arg),- and (Arg),-con- 
taining substrates. 

Amide-cleavage reactions have been 
carried out with other synthetic macromo- 
lecular catalysts, including catalytic anti- 
bodies that hvdrolvze an activated amide , , 
(22) or a peptide bond in the presence of a 
reactive Zn(I1) complex (23). Most recent- 
ly, a catalytic antibody against a dialkyl- 
phosphinate transition-state analog was 
found to cleave an unsubstituted amide, in 
the absence of a cofactor, with kc,, - 
min-' at pH 9.0 and 37°C (24). 

The amide-cleaving ribozymes used in 
this studv were the ~roduct of in vitro evo- 
lution for phosphoester transferase activity. 
We hypothesize that their ability to cleave 
amides is related to the similar structural and 
electronic features of the ground-state phos- 
phate and the transition state for amide hy- 
drolysis. Alternatively, one could view this 
as an example of crossover catalysis on the 
basis of the similar mechanistic features of 
the two reactions. It has been suggested that 
an ancestral ribozyme, perhaps akin to a 

Fig. 4. RNA-catalyzed cleavage of DNA1 -Met or 
DNA1 -Arg, (n = 1, 2, or 3). Reaction conditions: 
0.5 nM [5'-32P]-labeled substrate, 10 mM MgCI,, 
and 30 mM EPPS (pH 7.5), incubated at 37°C for 
18 hours in the absence (minus sign) or presence 
(plus sign) of 0.5 FM ribozyme. Reaction products 
were separated by electrophoresis in a 20% poly- 
acrylamide-8 M urea gel, an autoradiograrn of 
which is shown. Lane M, authentic [5'-32P]- 
DNA1 NH2. 

group I intron, catalyzed both RNA poly- 
merization and peptide bond formation (4, 
25). We are hesitant to ascribe primordial 
character to the amide-cleaving ribozymes- 
they are the contemporary products of bio- 
logical evolution, enhanced by evolution in 
the laboratory. Nonetheless, it is striking 
that a single ribozyme is able to cleave RNA 
and DNA phosphodiesters as well as amide 
bonds. 
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for 86 hours and analysis of the products w~ th  a 
Phosphorlmager (Molecular Dynamics). No prod- 
uct was detected, even though we could detect a 
mnmum of 144 cpm of authent~c 5'-abeed prod- 
uct against a background of the same amount of 
unincubated substrate. The second-order rate 
constant, k,,, for hydrolysis of N-methylacetamide 
at 25°C was 3.0 x 1 0-4 M-' min-l [T. Yamana, Y. 
Mlzukam, A. Tsuj, Y. Yasuda, K. Masuda, Chem. 
Pharm. Bull. 20, 881 (1970)l. At pH 7.5 and 25"C, 
the pseudo-f~rst-order rate constant was 9.4 X 

10- l1  min-l. Hydrolysis of the unusually reactive 
Phe-Gy peptde linkage of Phe-Phe-Phe-Gly, at- 
tached by the NH,-terminal Phe to a polyacryl- 
amde resn, occurred at a rate of 2 X lo- '  m n l  
at pH 7.0 and 25°C [D. Kahne and W. C. Still, J. 
Am. Chem. Soc. 110, 7529 (1 988)l. Hydroyss of 
e~ther Phe-Phe Inkage could not be detected un- 
der these condtons, occurring at a rate < 2 X 

m~n- ' .  
21. Amno acd-conta~ning substrates were prepared by 

chemical am~noacylation of [5'-32P]DNA1 ,,, In 
aqueous souton with carbonyldi~midazole as a con- 

Metabolic Engineering of a Pen tose Metabolism 
Pathway in Ethanologenic Zymomonas mobilis 
Min Zhang, Christina Eddy," Kristine Deanda, Mark Finkelstein, 

Stephen Picataggiot 

The ethanol-producing bacterium Zymomonas mobilis was metabolically engineered to 
broaden its range of fermentable substrates to include the pentose sugar xylose. Two 
operons encoding xylose assimilation and pentose phosphate pathway enzymes were 
constructed and transformed into Z. mobilis in order to generate a strain that grew on 
xylose and efficiently fermented it to ethanol. Thus, anaerobic fermentation of a pentose 
sugar to ethanol was achieved through a combination of the pentose phosphate and 
Entner-Doudoroff pathways. Furthermore, this strain efficiently fermented both glucose 
and xylose, which is essential for economical conversion of lignocellulosic biomass to 
ethanol. 

T h e  rapid and efficient fermentation of the 
pentose sugars found in lignocellulosic feed- 
stocks is an absolute requirement for the 
economical conversion of biomass to etha- 
nol. Lignocellulosic feedstocks, such as agri- 
cultural and forestry residues, are composed 
principally of cellulose, hemicellulose, and 
lignin. While there are microorganisms that 
efficiently ferment the glucose derived from 
cellulose, the conversion of the pentose sug- 
ars prevalent in hemicellulose to ethanol has 
been difficult because a suitable biocatalyst 
has not been available (1 ). Consequently, 
the discovery and development of microor- 
ganisms capable of converting pentose sug- 
ars, particularly xylose, to ethanol has been 
the focus of much research during the past 

20 years. Recently, Escherichia coli and Kleb- 
siella oxytoca have been successfully engi- 
neered for this purpose by the addition of 
genes for ethanol production from Zymomo- 
m mobilis. In spite of the development of 
microorganisms with improved fermentation 
performance (2-6), high ethanol yields and 
concentrations from lignocellulosic feed- 
stocks and short fermentation times have yet 
to be achieved. 

Zymomonas mobilis is a bacterium that 
has been used as a natural fermentative 
agent in alcoholic beverage production. 
This organism demonstrates many of the 
traits sought in an ideal biocatalyst for fuel 
ethanol production, such as high ethanol 
yield and tolerance, high fermentation se- 
lectivity and specific productivity, the abil- 

Natonal Renewable Energy Laboratory, Applied Biologi- 
cal Sciences Branch, Golden, CO 80401, USA. ity to ferment sugars at low pH, and con- 

siderable tolerance to the inhibitors found 
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densng agent [K. W. Ehler and L. E. Orgel, Biochim. 
Biophys. Acta 434, 233 (1 976)l. Reaction condtons 
were as follows: 1 p,M [5'-32P]DNA1 NH2, 0.1 M am- 
no acd, and 0.2 M carbonyldi~m~dazole, freshly pre- 
pared in 0.5 M m~dazole buffer (pH 8.0) and incubat- 
ed at 4°C for 1 hour. Compounds correspond~ng to 
addton of one or more amino ac~ds were separated 
by electrophoresis n a 20% polyacrylamide-8 M 
urea gel [G. Ziebol and L. E. Orgel, J. Mol. Evol. 38, 
561 (199411, eluted from the gel, and purlfled by 
reversed-phase chromatography and a second 
round of denatur~ng PAGE and reversed-phase 
chromatography 
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fermentation is generally recognized as safe 
(GRAS) for use as an animal feed. Com- 
parative performance trials have suggested 
that Zymomonas may become an important 
fuel ethanol-producing microorganism be- 
cause it achieves 5 to 10% higher yield and 
up to fivefold higher volumetric productiv- 
ity when compared with traditional yeast 
fermentations (7). Despite these potential 
advantages, fermentation processes using 
Zymomonas are still considered an immature 
technology compared with the industrial 
practice of yeast fermentation and have yet 
to be commercialized for fuel ethanol Dro- 
duction from starch-based feedstocks. 

Zymomom mobilis has demonstrated eth- 
anol yields of up to 97% of theoretical yield 
and ethanol concentrations of up to 12% 
(w/v) in glucose fermentations (8). These 
notably high yields have been attributed to 
reduced biomass formation during fermenta- " 
tion: whereas yeast produces 2 mol of aden- 
osine triphosphate (ATP) per mole of glu- 
cose through the Embden-Meyerhoff-Pamas 
pathway, Zymomom ferments glucose 
through the Entner-Doudoroff pathway (Fig. 
1) and produces only 1 mol of ATP per mole 
of glucose (9, 10). Zymomom' facilitated 
diffusion sugar transport system (1 1 ) coupled 
with its highly expressed pyruvate decarbox- 
ylase and alcohol dehydrogenase genes (12) 
enable ranid and efficient conversion of ~ l u -  " 
case to ethanol. However, 2 ,  mobilis can 
onlv ferment glucose. sucrose. and fructose " 
and lacks the pentose metabolism pathways 
necessarv to ferment the xvlose commonlv 
found in' hemicellulose. consequently, met: 
abolic engineering of xylose fermentation in 
2. mobilis is an essential step toward its de- 
velopment as a biocatalyst for fuel ethanol 
production from lignocellulosic feedstocks. 
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