
and the  EMT type structure. Like the  su- 
percage in faujasite, the  large cage in  
UCSB-10 is hound with four 12-rings tet- 
rahedrally distributed. T h e  structure of 
UCSB-10 can be obtained from the  faujas- 
ite type by replacing the  sodalite cage with 
the  one-sided capped cancrinite cage. Such 
a relation becomes obvious if a rhombohe- 
dral u~nit cell is used to  describe the  cubic 
faujasite structure. For example, the  cubic 
cell of a faujasite analog, CAP-FAU1, can 
he tralnsforined into a rhomhohe$ral cell 
with a = 17.54 ,4 and c = 42.95 A ,  which 
becomes very s imjar  to  :he unit celloof 
UCSB-1OCo (a =. 17.70 A, c = 41.69 A ) .  
A noticeable difference is that fauiasite and 
EhIT stryctures have c axes that are more 
than 1 A longer than those of the  corre- 
sponding UCSB-6 and UCSB-10 structures. 
This difference has allowed the screening of 
a large number of crystals grown under var- 
ious synthesis conditions by determination 
of unit cell parameters only. 

Future directions. T h e  compositional 
domains achieved in  this studv innnlv that  

L , 

there might exist a large famhy of zeolite 
type structures no t  yet synthesized. Some 
of these unknown phases should be acces- 
sible with use of the  approach developed 
here.  Such work could open new areas 
of research in  the  synthesis of zeolite type 
materials. T h e  availability of large single 
crystals for many related large-pore struc- 
tures containing different metal cations 
and  protonated alnines provides a n  oppor- 
tunity to  study in  detail t he  coordination 
chemistry of metal atoms in  the  zeolite 
type framework and the  structure-direct- 
ing effects of amines, which should pro- 
vide guidance for the  future design of mo- 
lecular sieves. T h e  observed correlation 
between pore geometry and framework 
charge density is supported by the  success- 
ful synthesis of UCSB-6, UCSB-8, and 
UCSB-10 structures with a variety of 
chemical compositions. I t  is suggested'that 
a design strategy tha t  allows the  expansion 
of t h e  cagelike structural subunits can  lead 
to  even larger caees and  a lower framework 

u 

T-atom density. 
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Immune Versus Natural Selection: 
Antibody Aldolases with Enzymic 

Rates But Broader Scope 
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Structural and mechanistic studies show that when the selection criteria of the immune 
system are changed, catalytic antibodies that have the efficiency of natural enzymes 
evolve, but the catalytic antibodies are much more accepting of a wide range of sub- 
strates. The catalytic antibodies were prepared by reactive immunization, a process 
whereby the selection criteria of the immune system are changed from simple binding 
to chemical reactivity. This process yielded aldolase catalytic antibodies that approxi- 
mated the rate acceleration of the natural enzyme used in glycolysis. Unlike the natural 
enzyme, however, the antibody aldolases catalyzed a variety of aldol reactions and 
decarboxylations. The crystal structure of one of these antibodies identified the reactive 
lysine residue that was selected in the immunization process. This lysine is deeply buried 
in a hydrophobic pocket at the base of the binding site, thereby accounting for its 
perturbed pK,. 

T h e  central dilemma in  the  development 
of alternative protein catalysts concerns du- 
plicating the  rate accelerations of natural 
enzymes while increasing their versatility. 
For new enzymes to be optimally useful in 
chemistry, they must be both efficient and 
capable of accepting various substrates. 

The authors are at The Skaggs lnstltute for Chemical 
Biology and the Depariment of Molecular Boogy, The 
Scripps Research Institute, 10550 Norih Torrey Plnes 
Road, La Jola, CA 92037, USA. 
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Whereas the  need for efficiency is obvious, 
the  scope problem arises because enzymes 
would he more useful if they could catalyze 
a class of reactions with diverse substrates. 
T o  solve this problem, we have used anti- 
body catalysis. 

T h e  approach is best highlighted by 
comparing the  processes by which evolu- 
t ion and the  immune system develop new 
protein functions. During evolution natural 
selection occurs as a consequence of iin- 
proved function or fitness. In  the  case of 
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enzymes, selection is presumably based on 
catalytic efficiency where some enzymes 
reach "perfection" (1 ) through binding in- 
teractions being funneled into a chemistry 
that is most compatible with substrate turn- 
over. By contrast, in the immune system, 
effective clonal selection is based on im- 
proved binding. Thus, whereas each system 

taken to use antigens that are as inert as 
possible so that the resultant antibodies 
can interact with targets that are in their 
native state. In the process of reactive 
immunization, the opposite is done. A 
reactive antigen is designed so that a 
chemical reaction or reactions, such as the 
formation of a covalent bond, occurs in 

Scheme 1. 

The reactive immunization process 
and the antibody aldolase. The antibody 
catalvst is an aldolase in which the enam- 
ine mechanism of the natural enzymes has 
been imprinted within the antibody bind- 
ing site. Antibody 33F12 was prepared by 
immunizing mice with a 1,3-diketone hap- 
ten such that any antibody that had an 
appropriately placed lysine residue of the 
proper chemical reactivity would attack 
one of the hapten carbonyl groups to form 
a carbinolamine that would subsequently 
collapse to a Schiff base. A stable covalent 
interaction with the antibodv is formed 
when the Schiff base tautomerizes to an 
enamine that. because of a second carbon- 

has comparable genetic maneuvers to gen- 
erate new functions, each differs in the 
selection criteria and time required (2). The 
central question is whether the immune 
system can yield efficient catalysts in real 
time if its selection criteria are switched 
from simple binding to function. 

Our procedure, termed reactive immu- 
nization, allows for the production of an- 
tibodies with these desired properties (3, 
4). The method provides a means to select 
antibody catalysts in vivo on the basis of 
their ability to carry out a chemical reac- 
tion. This procedure departs from the usu- 
al mode of immunization in which care is 

the binding pocket of the antibody during 
its induction. The chemical reactivitv vro- , . 
grammed into the antibody is designed to 
be an integral part of a reaction coordinate 
when the corresponding substrates are 
used. The scope problem is also solved by 
reactive immunization because when the 
covalent event appears early in the process 
of evolution. further refinement of the 
binding pocket ceases. 

We now comvare aldolases that use the 
same chemical mechanism-one is an en- 
zvme evolved in nature and the other is a 
catalytic antibody obtained by reactive 
immunization. 

Fig. 1. Different ketones or aldehydes were used as substrates, and more than 100 aldehyde-aldehyde, 
aldehyde-ketone, and ketone-ketone aldol addition or condensation reactions have been catalyzed. R, , 
4-acetamidobenzyl; R,, 4-nitrobenzyl; and R, and R, depend on the donor. 

yl functionality in the p position, is a 
stable vinylogous amide (Eq. 1). 

The vinylogous amide has a strong ul- 
traviolet absorption outside the range of 
the protein (approximately 316 nm) and, 
thus, instead of screening for binding, we 
screen for the new absorption that indi- 
cates that the antibody has evolved the 
central chemical mechanism of the natu- 
ral aldolases. Antibodies made by this pro- 
cedure have been shown to catalyze aldol 
(3, 5) and decarboxylation reactions (6), 
all of which proceed by the same enamine 
mechanism (7, 8)  utilized by the natural 
class I aldolases. We now describe their 
scope, relative efficiency, and structure. 

The enzyme fructose 1,6-diphosphate 
(FDP) aldolase is the most studied of the 
protein aldolases and is found in each of the 
three domains of life (7). The enzyme is 
central to glucose metabolism (glycolysis, 
sugar splitting, aldolase), catalyzing either 
net cleavage or synthesis during glycolysis 

or gluconeogenesis, respectively. In nature, 
the enzyme catalyzes the cleavage of FDP to 
dihydroxyacetone phosphate and glyceral- 
dehyde 3-phosphate. Class I aldolase en- 
zymes proceed by the enamine mechanism 
(8) (Scheme 1). The mechanistic symmetry 
about the C-C bond-forming step allows 
the P-diketone selection to direct mecha- 
nistically identical reaction coordinates 
around this step (Eq. 1). 

The scope and efficiency of the anti- 
body catalyst. Unlike FDP aldolase, which 
is highly restricted, particularly with re- 
spect to donor activation (9) ,  the antibody 
aldolase is very broad in scope, accepting a 
wide variety of substrates (Fig. 1). More 
than 100 different aldol additions or con- 
densations, or both, have been effected by 
this single catalyst (Fig. 1). The catalyst is 
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capable of accelerating aldehyde-aldehyde, 
ketone-aldehvde. and ketone-ketone reac- 

tives that gave a slight substrate inhibition 
at higher concentrations ( > 2  mM) (9b). 
Typical values for the Michaelis constants 
K ,  of the donors in cross-aldol reactions 
ranged frotn 1 tnM to 1 M, reflecting the 
ability of the antibody to accept various 
different ketones. Values for KIn of the ac- 
ceptor aldehydes ranged from 20 pM to 
500 pM. The aromatic portion of these 

tnoleci~les is in part responsible for an 
increased recognition by the active site. In 
addition, the hydrophobicity of these 
compounds facilitates their partitioning 
into the active site. In self-aldol and in- 
tramolecular aldol condensation reac- 
tions, values for Km range from 1 to 5 tnM. 
The K,,,'s for the retroaldol reactions were 
lower and typically ranged from 15 to 40C 

, , 

tions. For cross-aldol reactions, various ke- 
tones are accepted as donors, such as aliphat- 
ic open chain (for example, acetone to pen- 
tanone series), aliphatic cyclic (cyclopen- 
tanone to cycloheptanone), filnctionalized 
open chain (hydroxyacetone, dihydroxyac- 
etone, fluoroacetone), and filnctionalized cy- 
clic (2-hvdroxvcvclohexanone) ketones. , , 
The active site lyslne residue of'the biocat- 
alvst is able to convert these ketones into the 

Table 1. Kinetic parameters for a selection of antibody-catalyzed aldol and retro-aldo reactions. 
reflectng the ability of the biocatalyst to accept substrates that clearly differ with respect to their 
geometry. No background reaction was observed for the cyclopentanone self-condensation, The value 
for the addition of cyclopentanone to pentana was estimated using k,,,,,, = 2.28 . 1 O-/ M-' min-' for 
the aldol addition of acetone to an aldehyde from (34). 

corresponding enanlines, which are key in- 
termediates that are able to attack both al- 
dehydes and ketones. '4s with the donors, 
the antibodv also accevts different kinds of 

Substrate Product (min-') &at/kuncat aldehyde substrates, sich as pentanal, 4- 
acetamidobenzaldehyde, or 2,4-hexadienal. 
The antibody can also catalyze self-aldol 
condensations of acetone or cvcloventanone 
provided that no acceptor' albehyde is 
present for a cross-aldol reaction. In partic- 
ular, propionaldehyde is also a substrate for a 
self-aldol condensation by acting as both a 
donor and accentor. The reaction terminates retro- 

0 aldol 0 
CHO 

at the dimer step although the product 
itmns-2-methvl-2-oentenal) contains a reac- 
tive aldehyde 'filnc~ionality'and might be an 
acceptor itself for a subsequent addition step. 
Such a reaction is indeed catalyzed by the 
antibodv but onlv when acetone was the 
donor. Here, no ivater elimination has oc- 
curred although the aldol addition product is 
labile to dehydration. 

To detertnine whether water elitnina- 
tton, tn the case of the self-aldol condensa- 
tion reactions. mas also catalvzed, we chem- 
ically synthesized the aldol addition product 
of cvclo~entanone and incubated it with 

retro - - pcHO 5.0 nd 

H 3C) 2 a'do1 (H3C)2 

, L 

the antibody. Elitnination of water from this 
substrate was catalyzed and followed typical 
Michaelis-Menten kinetics. In the case of 
intramolecular self-aldol condensations, the 
antibody catalyzed the fortnation of 
3-methyl-2-cyclohexenone in one step 1~1th  
2,6-heptanedione as substrate. This Bald- 
win-favored .process (9a) is still catalyzed by 
the antibody if the 2,6-diketone is incorpo- 
rated into a cvclohexanone system. Thus, 

Class I FDP Aldolase 

OH OH 0 ~ 0 3 ~ .  

Ab 38C2 or 33F12 Fig. 2. Comparison of the 

JY optimal reactions cata- 
lyzed by FDP aldolase 

R class I and the antibody a -  
OH doases. R = 4-isobutyra- 

midobenzyl or n-butyl. 
the formation of A-B ring partial structures 
of steroids is catalyzed starting from the 
corresponding precursors. Most striking is 
the examvle in which the antibodv cata- 
lyzes the cyclization of an achiral tri'ketone 
to the (3)-enantiomer of the Wieland-Mi- 
escher ketone (first entry in Table 1) with 
an enantiomeric excess ( 2 2 )  > 95% (5). 
These studies illustrate the power of reac- 
tive immunization, since the biocatalyst was 
not originally designed for acceptance of 
such a range of substrate geometries but 
rather for filnction (3). 

411 the antibody-catalyzed aldol reac- 
tions followed tvnical Michaelis-Menten ki- , L 
netics except for the benzaldehyde deriva- 
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FM. Characteristic values for kcat of all 
reactions ranged from lo-' to 5 min-' 
with a ratio of kcac/kunCac of 10' to lo7. 

In that both the natural enzyme and 
the antibody can catalyze the cleavage of a 
P-hydroxy ketone to an aldehyde and a 
ketone, we compared the efficient cases 
for each that are highly similar reno-aldol 
reactions (Fig. 2). For FDP aldolase, the 
  referred reaction is the cleavaee of FDP 
;o dihydroxyacetone phosphate"and glyc- 
eraldehyde 3-phosphate. In the antibody 
case, the cleavage of 6-(4'-dimethyl- 
aminophenyl)-4-hydroxy-5-hexen-2-one 
to acetone and 4-dimethylamino-cinna- 
maldehyde is preferred. The antibody 
avoids the need for the charged phosphate 
moiety on the natural substrate; s he cat- 
alytic turnover achieved by the antibodies 
is within 10 times that of the natural 
enzyme (about 11s) for the optimal sub- 
strates of each (7, 8). Further, the tum- 
over efficiency of the antibody is main- 
tained for a variety of reactions (Table 1). 

Dependence of the evolution of diverse 
catalytic function on in i td  reactivity. In 
addition to the aldol reaction, the antibody 
catalyzes the decarboxylation of P-keto acids 
with a protonated Schiff base serving as the 
electron sink (Eq. 2) (6). Indeed, a few nat- 
ural aldolases have been shown to catalyze 
biologically relevant de~arbox~lation reac- 
tions in a mechanistically analogous fashion 
(1 0). An alternative route to diversification 
of mechanism involves the use of cofactors. 
In natural enzymes, cofactors expand the 
repertoire of reactions catalyzed. If a catalyst, 
such as antibody 33F12, is envisioned as a 
model of a primordial catalyst, its scope 
could be expanded by the presence of a 
cofactor, such as pyridoxal phosphate, with 
subsequent evolutionary refinement. This 
relatively simple maneuver would convert an 
enzyme with an active site lysine into a 
pyridoxal-dependent enzyme capable of cat- 
alyzing many amino acid-based transforma- 
tions. These reactions include transamina- 
tions, racemizations, decarboxylations, aldol 
reactions, and elimination and replacement 
reactions ( 1 1 ). In these enzymes, the coen- 
zvme is bound in a reversible iminium link- 
age formed by a reaction between the &-ami- 
no group of the active site lysine and the 
carbonyl group of the cofactor to form an 
imine that has a characteristic absorption 
between 360 and 420 nm. To test these 
ideas, we studied the ability of the catalytic 
antibody to sequester the cofactor pyridoxal 

in its active site, and found that the anti- 
body 33F12 binds the cofactor in the typ- 
ical intemal aldimine fashion (Fig. 3). 
Subsequent addition of 2,4-pentanedione 
showed that the aldimine was formed re- 
versibly with the same lysine residue used 
in the aldol chemistry. The same activity 
was observed with another antibody 38C2. 
This simple addition of a natural cofactor 
may extend the scope of the aldolase an- 
tibodies and, thereby, allow a diverse new 
class of reactions. In this way, we might 
duplicate experimentally a process that 
nature has used to create enzyme diversity 
from initial reactivity (I  I). 

A chemicallv reactive lvsine. In that 
the rate accelerations of the' two aldolases 
are comparable, we examined the ways 
that clonal selection and natural selection 
each resolved the chemical problems in 
the catalytic event. The first step in the 
aldol reaction is the nucleophilic attack of 
an &-amino group of lysine on a carbonyl 
group. For the &-amino group to be nu- 
cleophilic, it must be in its uncharged 
form. However, the pKa of the amino 
group of lysine in aqueous solution is 10.5 
(1 2). Because both natural and antibody 
aldolases depend on a nonprotonated ly- 
sine as a nucleophile and operate with 
maximal activity at neutral pH where the 
&-amino group of lysine normally would be 

SOO~~m 4aB m 4a 
Wavelength (nm) 

Fig. 3. Antibody 33F12 binds pyridoxal via a re- 
versible imine linkage. Incubation of 30 FM anti- 
body and 120 FM pyridoxal at pH 7.4 results in a 
broad absorption with a maximum at 390 nm re- 
sulting from the formation of an intemal aldimine. 
Subsequent addition of 100 FM 2,4-pentanedi- 
one produced a time-dependent decay of this 
absorption and with the appearance of a new 
absorption maxima corresponding to the enamine 
at 316 nm. Spectra were collected after incuba- 
tion of antibody and cofactor at 25°C for 1 min 
(green); and after addition of 2,4-pentanedione for 
1 min (black), 3 min (blue), and 5 min (red curve). 

protonated, the pKa of this group must be 
perturbed. 

The dependence of kcaJKm and l/Km as a 
function of pH for the retroaldol reaction 

shows an acidic limb pKa = 6.3 to 6.6 and 
approximates the pH dependence of catalysis 
of FDP aldolase (8). Ideally, the dependence 
of kcaJKm and l/Km on pH should follow the 
ionization state of the free catalyst and free 
substrate. However, in a complex mecha- 
nism with several intermediates at different 
degrees of protonation, a kinetically deter- 
mined pKa may not represent a real ioniza- 
tion constant. in that it can be comvosed of 
ratios of several rate constants and the rate- 
limiting step may change with pH. A more 
straightforward approach to determine the 
pKa of the essential lysine, one that avoids 
some of the complexity of the retro-aldol 
reaction, is based on the ability of the anti- 
bodies to.form enamines with p-diketones. 
The aldol antibodies react stoichiometrically 
with P-diketones, such as 3-methyl-2,4-pen- 
tanedione, to form stable vinylogous amides 
(Eq. 3) that completely inhibit aldolase ac- 
tivity. The reaction of 3-methyl-2,4-pen- 
tanedione was monitored spectrophoto- 
metrically by following the absorption of the 
antibody-enamine complex 3 now at 335 
nm. The pH dependence of this reaction is 
described by a titration Curve with a pKa of 
5.5 and 6.0, for antibodies 33F12 (Fig. 4) and 
38C2, respectively (13). Study of the depen- 
dence of the rate of enamine formation on 
pH with 2,4-pentanedione yielded the same 

Fig. 4. Rate of enamine formation as a function of 
pH. Enamine formation between antibody 33F12 
and 3-methyl-2,4-pentanedione was followed 
spectrophotometrically at 335 nm, at 15°C. The 
incubation mixtures contained 7.5 FM antibody 
and 250 FM 3-methyl-2,4 pentanedione in cit- 
rate-phosphate buffer in the pH range from 4.2 to 
8. The reaction velocities were calculated with the 
use of the experimentally determined extinction 
coefficient E~~~ = 9.1 mM-'cm-l. 
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pKa. The pKa's of the protons at the 3 posi- 
tions of 2,4-pentanedione and 3-methyl-2,4- 
pentanedione are 8.87 and 10.65, respec- 
tively (14). These studies, together wi th 
those o f  the p H  dependence o f  retroaldol 
activitv. demonstrate that these r rote ins , . 
contain active-site lysines w i th  perturbed 
pKa's. From the work o f  Westheimer and 
his colleagues o n  another Schiff base- 
forming enzyme, acetoacetate decarboxyl- 
ase, we know that chemical tuning o f  a 
reactive lysine for Schiff base formation at 
neutral p H  may be accomplished, at least 
in part, by proximity o f  a neighboring 
~ ro tona ted  lvsine residue that electrostat- 
ically perturbs the pKa o f  the amine nu- 
cleophile (13, 15). An alternative mech- 
anism for the perturbation o f  the pKa o f  an 
amine is based o n  a hydrophobic microen- 
vironment ( 16). 

A promiscuous hydrophobic pocket 
surrounding a structurally unusual lysine. 
In order to gain a better structural under- 
standine of the nucleo~hi l ic  character of 

u 

the single reactive Lys within these anti- 
bodies (3) and to  ex~ lo re  the structural . , 
features that explain their scope, we cloned 
and seauenced their eenes and then deter- - 
mined the three-dimensional x-ray crystal 
structure o f  the Fabr antigen binding frag- 
ment o f  antibody 33F12. The sequences of 
33F12 and 38C2 revealed 26 and 25 Lys 
residues, respectively. The antibodies were 
found to  be somatic variants o f  a single VDJ 
rearrangement and differed by nine amino 
acids each in VL and V,. 

The structure o f  Fabr33F12 was deter- 
mined by molecular replacement at 2.15 a 
resolution (Table 2). The overall structure 
o f  the natiJe Fab is'similar to other known 

Fig. 5. Stereoview of the Fab' variable region (V,, V,) of antibody 33F12. (A) The side view shows the 
position of LysHg3 at the bottom of hypervariable loop H3. (B) Rotation by 90' shows the corresponding 
top view, looking directly into the binding site. (C) Stereoview of the Fab' 33F12 binding site, showing 
only side chains for residues (<4 A) within the vicinity of LysH*. The light chain is colored in pink and the 
heavy chain in blue with the side chains of the neighboring residues labeled. 
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Fab structures (Fig. 5, A and B). The elbow 
angle, which relates the pseudo-twofold 
axes o f  the VL-V, and CL-CHI to each 

Table 2. Data collection and refinement statistics. 
The Fab' of the aldolase antibodv 33F12 crvstallii- 
es from 18% PEG 4000,O.l M ~ i ~ e s ,  pH f.4, and 
10% isopropanol. A native data set was collected 
at SSRL, beamline 7-1, at - 176°C with 25% glyc- 
erol as a cryoprotectant. Data were processed with 
DENZO and SCALEPACK (1 7). The structure was 
determined by molecular replacement techniques. 
From 86 initial search models, antibody NC6.8 (18) 
gave a rotation function solution with MERLOT (1 7) 
of 7.60 in the resolution range 10 to 4 A. A rotation- 
al and translational search using data from 15 to 4 
A in the program AMORE (1 7) gave an R = 44.7% 
with a correlation coefficient of 49.6, compared to 
the next, incorrect solution of R = 55.6% and a 
correlation coefficient of 19.4. Computational mu- 
tation to the correct sequence and multiple rounds 
of model building were done with the program 0 
(1 7). The initial refinement inX-PLOR (1 7), with rigid 
body, positional and slow-cooling refinement pro- 
tocols, resulted in an R = 23.8% for 10.0 to 2.15 A 
data with F > 1 o,. Refinement was then continued 
wlh SHEUL-96(1 7). For each refinement step, at 
least 10 cvcles of coniuaate aradient minimization 
wlh individual B value'r&ner&nt were performed, 
wlh restraints on bond distances, angles, and B 
factors. In the final stages, hydrogen atoms were 
placed in calculated positions without use of addi- 
tional parameters. The overall map quality was 
good, showing no main chain breaks except for 
a region H128-HI36 in the constant heavy 
chain, as frequently observed in other antibodies 
(19). The only outlier in the Ramachandran plot is 
residue ValLS1, as commonly observed in other 
Fabs (20). The density for LysHg3 is bulky at a 20 
level and does not extend beyond CE (21), 
possibly indicating multiple side chain conforma- 
tions, as frequently observed for Lys residues in 
proteins (22). 

Space group 
Unit cell dimensions 

Resolution range (A) 
Observations (N) 
Unique reflections (N) 
Completeness (%) 
(//US 
R,,, (%I 
Refined residues 
Refined water molecules 
Resolution range in 

refinement &I 

w 

R,, (%),(1304 F,; 31.7; 29.1 
1127F,>4uF,J 

Deviations from ideal aeometrv Inns) 
Bond lengths (A) - 0.006 ' ' 

Bond angles (") ' 1.8 
Dihedral angles (") 30 
Improper angles (") 1.7 
Ramachandran plot (%) 90.2; 9.5; 0; 0.3t 

B factor 
Average protein (A2) 29 
Waters (A? 37 

*Outer shell 2.23 to 2.15 A. tOrder: most favored, 
additional allowed, generously allowed, and disallowed 
regions, from Procheck (1 7). 
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other is 151.4" and within the observed 
range for Fab molecules (23). The entrance 
of the antigen binding site of 33F12 is a 
narrow elongated cleft (Fig. 6). The binding 
pocket is more than 11 A deep, expanding 
with depth (24) and is comparable to com- 
bining sites of antibodies raised against oth- 
er small haptenic molecules (25). At  the 
bottom of the pocket, LysH93 is found with- 
in a hydrophobic environment (Fig. 5C). A 
second LysH52b is located at the top of 
CDR-HZ, with its side chain pointing to- 
ward the outside of the molecule. In anti- 
body 38C2, LysH52b is mutated to an Arg 
while LysH93 is common to both. A se- 
quence comparison of the CDRs with oth- 
er known antibody molecules reveals some 
unusual features of antibody 33F12. Resi- 
due H93 is Ala in most antibodies (26). 
Only two other antibodies of known struc- 
ture contain a Lys in that position: the 
esterolytic antibody 17E8 (27) and the 
chimeric Fab fragment of the carcinoma- 
binding antibody B72.3 (28). Further- 
more, residue H94, which is usually an 
Arg in other antibodies, is replaced by a 
hydrophobic Ile in 33F12. The Arg at 
position H94 frequently forms a salt bridge 
with an aspartic acid at H101. Utilization 
of the JH3 germline by both antibodies, 
the only J H  segment not to encode an Asp 
at this position, precludes this commonly 
observed interaction. 

Analysis of the combining site of Fab' 
33F12 (Fig. 7A) shows that LysH93 is sur- 
rounded by mostly hydrophobic side chains 
and is in van der Waals contact with resi- 
dues LeuH4, MetH34, ValH37, CysH9', IleH94, 
Ty$'95, Se$'loo, Tf1102, and TrpH103. 

With the exception of IleH94, which is a 
Thr in 38C2, the residues in van der Waals 
contact with LysH93 are conserved in both 
antibodies. Further, all other residues are 
encoded in the germline gene segments 
used by these antibodies. The V geneen- 
coded residues that differ between the an- 
tibodies contribute little to the refinement 
of the binding pocket, suggesting that 
LysH93 appeared early in the ontogeny of 
these catalysts and the remaining mutations 
were the result of neutral drift during im- 
munological selection. Within this pockei, 
only one charged residue is within an 8 A 
radius of the N{ of LysH93. The carboxyl of 
GluH50 is located at about 7.4 A, too far for 
formation of any hydrogen bond or salt 
bridge. In addition, LysH93 does not form 
any hydrogen bonds with any main chain 
carbonyl oxygens. 

In antibody B72.3, AspHIO1 is absent, 
but LysH93 forms a charged hydrogen bond 
with the main chain carbonyl oxygen of 
Tyr"96 that is proposed to be responsible for 
its unusual CDR-H3 loop conformation 
(28). The corresponding environment for 
antibody 17E8 is shown in Fig. 7B. Also 
described is a hydrophobic pocket for 
substrate recognition (27), in addition to 
the charged ArgH94 and AspHIO1 residues. 
Here, the LysH93 residue forms a salt bridge 
t? AspHIO1 (Ly~H93N(-A~pH101081 3.2 
A) in which the positively charged Lys is 
proposed to stabilize oxyanion formation 
(27). Thus, as no salt bridges or hydrogen 
bonds can be formed for LysH93 in our al- 
dolase antibody 33F12, and it is in a hydro- 
phobic environment, the pKa would be per- 
turbed and allow the uncharged LysH93 to 

function as a strong nucleo~hile. 
In order to deKne further the mecha- 

nism by which the pKa of the E-amino 
group was perturbed, we synthesized a se- 
ries of related P-hydroxy ketone substrates 
that differed in a defined manner with 
respect to their hydrophobicity. A study of 
the linear free energy relation between 
substrate partitioning into n-octanol and 
kCaJKm, the Hansch correlation (29), 
shows that the active site of antibody 
33F12 is 1.1 times more hydrophobic than 
n-octanol (Fig. 8). This analysis, together 
with the observation that the antibody 
lacks a positively charged amino acid side 
chain in the vicinity of LysH93, supports 
the possibility that the pKa of LysH93 is 
perturbed by a hydrophobic microenviron- 
ment that disfavors protonation and 
charge development on its E-amino group 
in the unliganded antibody. 

Fig. 6. Stereoview of the 33F12 Fab' binding pocket. A slice is shown through the molecular surface 
calculated with a 1.4 A sphere radius. Only the amino tip of residue LysHg3N1 is in contact with the 
molecular surface at the bottom of the antigen-combining site. The light chain is shown in pink, the heavy 
chain in blue. 

SCIENCE VOL. 278 19 DECEMBER 1997 www.scienc 

Fig. 7. Comparison of two antibody-combining 
sites that contain LysHQ3. The environment of 
LysHg3 is vely hydrophobic in antibody Fab' 
33F12 (A) compared to antibody Fab 17E8 (27) 
(PDB code leap) (B). Residues in an 8 A sphere 
around LysHQ3N< are shown. A space-filling CPK 
representation of the environment around LysHQ3 
is shown with hydrophobic atoms in yellow, and 
polar nitrogen and oxygen atoms in cyan and 
salmon, respectively. Charged basic residues 
have their nitrogen atoms colored dark blue and 
charged oxygen atoms are colored in red. The 
LysHg3NC atom is colored in blue. 

Fig. 8: Hansch plot for the determination of the 
relative hydrophobicity of the active site. The ki- 
netic constants (k,JK,,J for antibody 33F12-cat- 
alyzed retro-aldol reaction of a series of aldols, 
R1CH(OH)CHR2C(0)R3, were plotted as a func- 
tion of the hydrophobicity constant TT of the cor- 
responding R subtiiuents. The TT values were 
calculated as described (29). 



We thus have a picture of the evolution- 
ary events that lead to the efficiency and 
pro~niscuity of this catalyst. A lysine residue 
appeared early during somatic refinement in 
a germ line antibody containing an other- 
wise hydrophobic pocket. The insertion of 
this residue into this hydrophobic microen- 

programmed into this selection. 
We have catalyzed more than 100 alde- 

hyde-aldehyde, aldehyde-ketone, and ke- 
tone-ketone aldol addition or co~~densation 
reactions. Some of these reactions, such as 
the construction of the Wieland-Miescher 
ketone, are central to the theory and prac- 
tice of organic chemistry. They have played 
a role in the synthesis of structures as di- 
verse as steroids and taxol. The broad sub- 
strate specificity of the antibody aldolases is 

regulatory processes would operate. But 
prior to that narrowing, an enzyme of 
broad specificity could serve as the start- 
ing point for the evolution of a family of 
related enzymes. With the vantage point 
that the evolution of an efficient chemical 
mechanism is a primary driving force in 
enzyme evolution and a starting point for 
diversification of function, it is anticipat- 
ed, as well as observed, that structurally 
different proteins may converge on an ef- 
ficient and identical chemical mechanism 
based on their ability to adapt their active 
sites (33). 

It may be that an early defining event in 

vironment resulted in chemical reactivity 
that was efficient enough to be selectable. 
Once this covalent process appeared, the 
binding pocket did not further evolve to- 
ward high specificity. 

A vantage point on enzyme evolution. 
a property shared by other catalytic anti- 
bodies prepared by reactive i~n~nunization 
(4)  and, as discussed above, is likely to be 
the result of the special ontogeny of anti- 
bodies induced by immunogens that form 
covalent bonds within the binding pocket 

Protein enzymes achieve their efficiency, in 
part, as a result of transition-state stabiliza- 
tion, strain, acid-base catalysis, and proxim- 
ity ( 1  , 30, 3 1 ). The protein scaffold of each 

the evolution of some enzymes was an in- 
teraction with reactive materials. such as 
toxins, in a process similar to the induction 
of these catalvtic antibodies with a reactive 

enzylne has evolved to permit the concerted 
interaction of these individual effects so 

during induction. This situation is in con- 
trast to what is observed in immunological 
selections based on transition-state ana- 
logs that result in highly coinple~nentary 
binding pockets of limited scope (32). Our 
x-ray crystallographic and biochemical 
studies support the contention that the 
antibody contains a promiscuous binding 
pocket with a lysine located in a hydro- 
~ h o b i c  environment at its base. The bind- 

that together they provide remarkable rate 
accelerations 131 ). The reauirement for 

immunogen. The chemical reactivity of the 
nrimordial stoichiometric orotein could 

these concerteb effects, as fa'cilitated by a 
permissive protein scaffold, has led to yues- 
tioning whether artificial proteins can 
match the efficiencv of natural enzvmes. 

then serve as a template for the rapid evo- 
lution of diverse catalvtic function. This 
would be facilitated by gene duplication 
events, allowing each enzylne copy to be 
free to d ive r s i~  and become specifically 
optimized for a particular substrate. In terms 
of the many reactions described here, each 
one could be selectively optimized after a 
gene duplication event. 

In principle, the catalytic potential of 
nroteins can be ex~lored by antibodies be- 
cause a set of b id ing  pockets can be pro- 
grammed to interact with substrates much 

ing pocket is expected to acco~n~nodate 
various substrates that are drawn into the 

u 

as enzymes do. Although many catalytic 
antibodies have been made and shown to 
have good rate accelerations (Z), it has not 
been possible to compare them to natural 
enzymes because they use different mecha- 

pocket as a result of hydrophobic parti- 
tioning. Once in the binding pocket, the 
substrates encounter the highly reactive 
lysine nucleophile and collapse to the nu- 
cleophilic enamine. Likewise, the aldol 
acceptor call enter the pocket and, SO long 
as there are no prohibitive steric interac- 
tions, participates in an aldol addition. 
The large number of different reactions 
that the antibody aldolases catalyze is 
compatible with this scheme. 

Finally, because the aldolase catalytic 
antibodies are in many ways analogous to 
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Transcription Regulation by 
initiating NTP Concentration: 
rRNA Synthesis in Bacteria 

Tamas Gaal, Michael S. Bartlett, Wilma Ross, 
Charles L. Turnbough Jr., Richard L. Gourse* 

The sequence of a promoter determines not only the efficiency with which it forms a 
complex with RNA polymerase, but also the concentration of nucleoside triphosphate 
(NTP) required for initiating transcription. Escherichia coli ribosomal RNA (rrn PI)  pro- 
moters require high initiating NTP concentrations for efficient transcription because they 
form unusually short-lived complexes with RNA polymerase; high initiating NTP con- 
centrations [adenosine or guanosine triphosphate (ATP or GTP), depending on the rrn 
P I  promoter] are needed to bind to and stabilize the open complex. ATP and GTP 
concentrations, and therefore rrn P I  promoter activity, increase with growth rate. Be- 
cause ribosomal RNA transcription determines the rate of ribosome synthesis, the 
control of ribosomal RNA transcription by NTP concentration provides a molecular 
explanation for the growth rate-dependent control and homeostatic regulation of ribo- 
some synthesis. 

Pro te in  synthesis is the dominant activity 
of the bacterial cell (1 ) .  Ribosome synthesis 
rates increase approximately with the 
square of the growth rate to increase protein 
synthesis at higher growth rates and to con- 
serve biosynthetic energy at lower growth 
rates. The  relation between growth rate and 
ribosome synthesis rate, referred to as 
growth rate-dependent control, was de- 
scribed almost 40 years ago and has been 
the subject of intensive investigation ever 
since (2, 3). Models have been proposed to 
explain the phenomenon, hut the molecu- 
lar mechanism or inechanisins responsible 
have not been determined (4). 

Ribosomal R N A  (rRNA) transcription 
is the rate-limiting step in ribosome synthe- 
sis, because ribosomal protein synthesis 
rates are regulated by feedback mechanisms 
sensitive to the rRNA concentration (5). In 
each of the seven rrn operons in E. coli, 
rRNA is transcribed from two promoters, 
P1 and P2 (Fig. IA) .  Most rRNA transcrip- 
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tion at moderate to high growth rates orig- 
inates from the P I  promoters, whose activ- 
ities increase with growth rate and are thus 
responsible for regulation (6) .  Multiple sys- 
tems affect transcription by rrn PI  prornot- 
ers. Positive effectors include ( i )  a promoter 
upstream (UP) element that increases rrn 
P I  activity by binding the a subunit of 
R N A  polymerase (RNAP) (7-9); (ii) a 
transcrintion factor. FIS. that binds to sites 
upstreak of the UP eleInent and interacts 
directly with RNAP (10, 11 ); and (iii) an- 
titermination factors that bind to the BoxA 
region in the precursor R N A  downstream of 
rrn P2 and prevent preinature transcription 
termination (1 2). In addition, a negative 
effector, ppGpp, inhibits transcription from 
both rrn P1 and rrn P2 during amino acid 

Lz 

starvation, a phenomenon referred to as the 
stringent response (1 3-1 5). Overlapping 
mechanisms influencing rRNA transcrip- 
tion have coinolicated efforts to identifv the 
major system (or systems) contributing to 
growth rate-deoendent control. 
Lz 

Previously, we evaluated the contribu- 
tions of the above inechallislns to growth 
rate-dependent control of the rrnB P1 pro- 
moter, using promoter or gene mutations to 
systematically eliminate specific input sig- 
nals. Transcription from a "minimal" (core) 
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