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Chapter 4

Catalytic selection of b-lactamase with

MRNA display library

Abstract: A novel catalytic selection approach for improvement of enzymatic functionis
demonstrated. An immobilized mechanism-based inhibitor, whose inhibition stimulated
by the same mechanism of enzyme as to normal substrate, is able to enrich the active
mutants of enzyme quickly and efficiently. Biotinylated penicillanic acid sulfone, a b-
lactamase mechanism-based inhibitor, is employed to select active mutants of b-
lactamase from an mRNA-lactamase fusion library. This strategy can be applied on the

functional evolution of other enzymes, such as aldolase.
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4.1 Introduction

1. Functional evolution of enzymes

The enzymes present in modern biochemistry catalyze a great variety of chemical
reaction precisely and efficiently as a result of billions of years of natural evolution. A
clear understanding of their structures, mechanisms and functions is important to the
advancement of medicine, synthetic chemistry, material science, as well as many other
fields. Despite tremendous efforts, many aspects of enzymes remain a mystery. One
example is the minimum size necessary to keep their active site residues in their proper
positions for catalysis. Indeed, the smallest enzymes known tend to be ~100 residues, for
example, acylphosphatase', a 98-residue-long enzyme. It is unclear if short catalytic
proteins existed in the early stages of evolution and then were replaced by larger enzymes
due to the demands of high efficiency and precision. If the existence of short catalytic
proteins that mimic the function of natural enzymes can be demonstrated, it will lend
insight into the origins of life. Despite the failure of many de novo efforts to produce
such short protein catalysts with biologically interesting properties*, the advancement of
combinatorial approaches including enzyme evolution provides an attractive alternative.

Enzyme evolution has been used widely to improve key properties of many
enzymes, such as substrate specificity and thermo stability*. Generaly, enzyme
evolution starts with the creation of a library of mutated genes. Mutants with enhanced
properties are identified from the background of neutral or harmful mutants, and
subjected to further cycles to accumulate beneficial mutations. Currently, screening is
the primary method to identify positive mutants because it is easy to implement and

apparently suitable to any enzymes, as long as the size of libraries is kept manageable.
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However, to manipulate even a small size of library is not trivial. Even though the
advance of robotic systems in recent years already exceedingly facilitates the screening
process, the size of libraries that can be handled by screening is still its magjor limitation.
In vivo selection, by contrast, has apparent advantages over screening for searching larger
libraries. Nevertheless, the in vivo selection suffers from its difficulty to be used in an
enzyme that is not critical to the survival of the host organism. In addition, organisms are
notoriously adept at evading imposed selective pressure by unexpected mechanisms. In
stead, in vitro selection can be employed on any molecules that are capable of being
copied. The stringency of selection pressure is also controllable in vitro. Thus, an in

vitro catal ytic selection strategy based on mRNA display library is reported herein.

2. Catalytic selection with mechanism based inhibitors

Affinity selection has been extensively utilized to recognize the epitopes for
antibodies, detect new receptors with natural ligands, and select DNA-binding proteinsin
either in vivo or in vitro libraries. A variation of affinity selection, where the transition
state analogs of chemical reactions are used as antigens, can generate catalytic
antibodies®. This technique is based on the fact that the antibodies specific for the
transition state analog of chemical reactions should have catalytic power. However,
catalytic antibodies are usually much less efficient than natural occurring enzymes. In
many cases, antibodies bound to the transition state analog tightly fail to accelerate the
chemical reaction. Recently, reactive molecules during immune response have been used
as antigens to generate catalytic antibodies”™. This approach has proven to be superior

over the conventional catalytic antibody selection. Nevertheless, the immune system has
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several limitations: 1) the scaffold for recombination is limited to the immunoglobin
family, 2) the selection stringency cannot be controlled, and 3) the optimization of
selected antibodies is difficult. Thus, the concept of “reactive immune response” is
applied on mMRNA-display library to select active enzymes from alibrary instead.

In this new strategy, the immobilized mechanism-based inhibitor, which is
defined as an unreactive compound that inhibits an enzyme upon being activated, is
employed as target to search the mRNA display library. A mechanism-based inhibitor,
which shares structural similarity with the substrate or product of a specific enzyme, is
converted to an intermediate product that is generaly very reactive to target enzyme.
While in the active dite, this active intermediate quickly forms a covalent bond with
target enzyme, thus inactivating the enzyme. The elegant inhibitory mechanism of
mechanism-based inhibitor differs from that of normal competitive or non-competitive
inhibitors in that a chemical reaction via the enzyme’s normal catalytic pathway must
take place to activate the mechanism-based inhibitor. This mechanism provides a
powerful method for catalytic selection. When the entire mRNA display library of a
specific enzyme is incubated with the immobilized mechanism-based inhibitor, only
mutants maintaining the normal functions are able to form covaent bond with inhibitor
and bind to solid support. All other inactive individuals are removed by one simple
washing step. After identifying functional mutants from the library, error prone PCR can

be used to add diversity to the library prior to the next cycle of selection.
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3. A model system — b-lactamase

RTEM-1 b-lactamase, a 30 kD enzyme, has been chosen as a model system
because of its unique features, including the simplicity of its structure, extensive
understanding of its mechanism, and the availability of its mechanism-based inhibitors.

b-lactamases are a wide family of proteins encoded by either chromosome or
plasmid. These enzymes are normally responsible for the bacterial resistance towards b-
lactam antibiotics because they can hydrolyze b-lactam ring efficiently. RTEM-1 b-
lactamase is a plasmid-encoded enzyme that consists of only 263 amino acid residuesin a
single polypeptide chain'®. It has attained a kinetic optimum in that its catalytic activity
towards penicillin is diffusion-limited.

a. Mechanism of RTEM-1 b-lactamase

Extensive investigations on the mechanism of RTEM-1 b-lactamase indicate that
a serine residue in position 70 plays an essential role in catalytic reaction™ (Figure 4.1).
Catalysis is initiated by nucleophilic attack of Ser70 on the b-lactam ring to form a
tetrahedral acyl intermediate. Then, the product is released by the nucleophilic attacking
of awater molecule, which is activated by Glul66. The E166A mutant of b-lactamase is
12,13

hydrolysis-deficient

b. Penicillanic acid sulfone (PAS) — a mechanism-based inhibitor of b-lactamase

Penicillanic acid sulfone is a potent mechanism-based inhibitor of b-
lactamase™***" (Figure 4.2). Inhibition starts from nucleophilic attack of Ser70 on the b-
lactam ring to form an acyl-enzyme intermediate.  However, the pentacyclic ring of

penicillanic acid sulfone is labile because the strong electron-withdrawing sulfone group
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can stabilized the cleaved product. Thus, the acyl-enzyme intermediate can follow three
possible pathways™. Thefirst isnormal deacylation, which regenerates the enzyme. The

Figure4.1 Two-step mechanism of RTEM-1 b-lactamase.
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second pathway is transient inhibition where the acyl-enzyme intermediate is
tautomerized to another much more stable enamine intermediate. The enamine
intermediate can be slowly released from the active site to accomplish the turnover of b-
lactamase. Asthelast possibility, the inhibitor forms an intermolecular crosslink with the
e-amine of a lysine proximal to the active site, presumably either Lys73 or Lys234",
accompanied by the concomitant release of penicillamine sulfuric acid. Thus the activity
of b-lactamase is totally lost due to this irreversible inhibition. It was reported that
partition of acyl-enzyme intermediate in these three pathways depends on the nature of 6-
substituent on the b-lactam, as well as the pH of reaction condition. Generally, in lower
pH, the irreversible inhibition is more efficient?®. Electron-withdraw substituents on the

6-position of b-lactam also facilitate the formation of irreversible crosslink product.

4. Methodology
The catalytic selection involves three steps: 1) the generation of fusion library, 2)
the preparation of immobilized inhibitor, and 3) the selection scheme.

a. Generation of mMRNA-protein fusion library

The diversity of the b-lactamase fusion library is introduced by error-prone PCR.
The mutation rate in each base of the DNA template is controlled as 1.0%?'. Thus, the
resulting protein library has a high percentage of multiple mutations. The probability P
of having k mutations in a sequence of length n can be calculated using equation below

(Figure4.3 A).

P(k,n,e) = (n!/[(n- k)!k!]e (1- e)"*, where ¢ isthe error rate per position.
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In a library containing 10™ different sequences, the fraction of coverage of N-
sites mutants, defined as the number of N-site mutants in library divided by the total
possible recombinants of N-site mutants, can also be calculated (Figure 4.3 B). The high
mutation rate can guarantee the exploration of multiple mutations with compensatory,
additive or co-operative effects”. Evolution under low mutation rate, however, can only
survey additive mutantsin the library.

b. Preparation of immobilized inhibitor

Biotinylated penicillanic sulfone is used as the immobilized mechanism-based
inhibitor of b-lactamase (Figure 4.4). The biotin moiety allows the inhibitor to be
immobilized on the streptavidin agarose gel under harsh conditions. The long polyether
chain provides space to avoid potentia interference of the solid support on the catalytic
reactions. In addition, the existence of a disulfide bond makes it feasible to liberate the
immobilized enzymes from the streptavidin agarose under mild reductive conditions.

c. Scheme for selection of b-lactamase turnover

Following the generation of b-lactamase fusion library, the entire library is
incubated with the biotinylated penicillanic sulfone in the presence of ampicillin. Both
active mutants that can regenerate themselves and mutants with the properties of
penicillin binding proteins have the capability to form covalent link with inhibitor. Thus
these two types of mutants can not be distinguished if only biotinylated penicillanic
sulfone is used. The presence of excess ampicillin, the substrate of b-lactamase, can
prohibit the mutants similar to penicillin binding proteins from binding with inhibitors?.
Only mutants that are able to turnover can be immobilized and subjected for further

cycles of selection.
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Figure 4.3 [A]. Distribution of N-site mutantsin b-lactamase library. The size of DNA
template is 789 bp and mutation rate is 1.0% base. The black points represent the number
of mutants in DNA template and the green points represent the number of mutants in
respective protein. [B]. Log(fraction of coverage) to N-site mutants. The fraction of
coverage is defined as the number of N-site mutants in a library containing 10*
different sequences divided by the total possible recombinants of N-sites mutants when
the mutation rate is 1% for b-lactamase DNA template. For 1- 2- 3-site mutants, the

number of copies that have the same sequence is show on the top of respective columns.
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Figure 4.4 Structure of biotinylated penicillanic sulfone, a mechanism based inhibitor

of b-lactamase. As a comparison, the structure of ampicillin, a substrate of b-lactamase,
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4.2 Results and discussion

Several technical issues have impeded the accomplishment of this catalytic
selection. For example, athough the protocol for making small mMRNA-peptide fusionsis
quite mature, the preparation of mRNA-lactamase fusion proved to be a new challenge
due to relatively large size of b-lactamase (263 amino acid residues) and its encoding
MRNA (814 oligonucleotides). The nature of large b-lactamase imposes three problems:
1) the secondary structure prevents the efficient ligation of mRNA with the short
puromycin oligomer, 2) ligated mMRNA is insgparable from unligated mRNA in
polyacryamide gel, and 3) the fusion formation from ligated mRNA is inefficient. To
enhance the ligation, the oligomer mixture in water was pre-heated to disrupt secondary
structures. The sample was then cooled down in ice to allow the annealing between
complementary sequences. The second problem can be solved by a two-step separation,
gel purification followed by dT-cellulose affinity chromatography. Nevertheless, the
optimization of conditions was unable to improve the fusion formation.

The activity assay for mRNA-linked b-lactamase was also problematic due to the
limited amount of fusion. The standard nitrocefin assay was not sensitive enough to test
such low amount of enzyme. Thus, whether the mRNA-linked b-lactamase is functional
or not is still amystery.

The purpose of this project is to address the catalytic selection with mRNA
display library. The mRNA display b-lactamase is by far the largest mMRNA protein
fusion made in our lab. The lessons we have learnt include 1) the mRNA display

technique is inefficient for large protein fusion, and 2) the appending mMRNA template
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may impair the activity of its encoding enzyme. Nevertheless, a recent similar research
on ribosome display library indicates the catalytic selection with immobilized
mechanism-based inhibitors is a powerful approach to identify functional mutants of
enzymes. Future work of this unfinished project will focus on the identification of the
“smallest” catalytic polypeptides from a fusion library containing ~100 amino acid
residues.

The existence of catalytic RNA has already shed a light on the early evolution of
life. However, the evolution of enzymes remains enigmatic. Was the takeover of
catalysis from RNA by proteins originally performed by peptides or were “modern”-sized
proteins recruited to play this role? We hope to answer these questions by examining the

abundance of short protein catalystsin future.

4.3 Materials and methods

1. Synthesis of biotinylated penicillanic acid sulfone

The synthesis of biotinylated penicillanic acid sulfone follows the procedure
described previoudly (Figure 4.5). MOM (methoxymethyl) protected 6-aminopenicillanic
acid 2 is used as the starting material to give penam derivative 3. Subsequent oxidation
of 3 with KMnOj, results in the protected penicillanic acid sulfone 4. MOM deprotection
by mild hydrolysis quantitatively yields the free acid 8. Instead, hydrogenation of
protected penicillanic acid sulfone 4, followed by deprotection of MOM, can give the
total deprotected penam sulfone 5. This sulfone reacts with biotin-SS-NHS 6 to give the
final product biotinylated penicillanic acid sulfone 7. Since the p-toluenesulfonate

counter anion in the totally deprotected penam sulfone 5 has a high UV absorbance at
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Figure 4.5 Synthesis pathway of biotinylated penam sulfone.
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235nm that interferes with the inhibitory measurement, the partial deprotected penam
sulfone 8 was used to examine its inhibitory competence. More than 70% activity of b-
lactamase is lost after 3 hours incubation with inhibitor at pH 4.5 (Figure 4.6 A).
However, the inhibitor is unable to inactive b-lactamase at pH 7.0 because the normal

deacylation pathway is favored at high pH (Figure 4.6 B).

2. Preparation of mRNA-lactamase fusion

a. Preparation of b-lactamase DNA template

RTEM-1 b-lactamase DNA template is amplified from a plasmid pET22b
(Novagene) by polymerase chain reaction (PCR), using two synthetic oligomers
(P063a01 and P028a01) as primers. The composition of P063a01 includes a T7 promoter
sequence, a sequence adopted from the 5’ untransated region (5’-UTR) of tobacco
mosaic virus, and the first 18 nucleotides of b-lactamase open reading frame. The
P028a01 is complementary to the last 28 nucleotides of b-lactamase. The PCR reaction
buffer contains 10mM TrissHCl (pH9.0 at 25°C), 50mM KCI, 0.1% Triton X-100,
1.5mM Mg*, 200 nM each dNTP, 1 nM each primer, 20ng pET22b, and 2.5U Taq
polymerase in per 100 m solution. The PCR reaction is conducted in a thermal cycler
(MJ research) with the program: 3 mins at 94°C followed by 20 cycles of 1 min at 94°C,
1 minat 55°C, 2 minsat 72°C, and ended with 5 minsat 72°C.

b. In vitro transcription of b-lactamase DNA template

The transcription reaction is accomplished in the buffer including 80mM HEPES-
KOH (pH7.5), 40mM DTT, 25mM Mg?, 4mM each NTP, 0.2nM DNA template, and

10U/ml T7 RNA polymerase. The reaction mixtureisincubated at 37°C for 3 hours,
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Figure 4.6 [A]. Inhibition of b-lactamase by penicillanic acid sulfone at pH4.5. The
remaining activity of b-lactamase is taken as the fraction of the activity of b-lactamase

with inhibitor over that of b-lactamase without inhibitor. [B]. Inhibition of b-lactamase

by penicillanic acid sulfone at pH7.0.
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then 1/10 volume of EDTA (500mM, pH8.0) is added to dissolve magnesium
pyrophosphate precipitate. The supernatant is extracted with phenol/chloroform (50:50)
mixture and subjected to ethanol precipitation. The mixture is incubated at —70°C for 30
min or at —20°C for overnight. After spinning at 15000 RPM for 10 min at 4°C, the
pellet is washed with 70% ethanol twice and dried in air, then dissolve in DEPC-treated
water. The RNA template is transferred to a size exclusion column (NAP-25, Pharmacia
Biotech) to remove nucleotides.

c. Ligation of b-lactamase mRNA with puromycin oligonucleotides

A short oligomer 30-P with a 3’-puromycin is synthesized from puromycin-CPG
(Glen Research). The b-lactamase mRNA ligates with 30-P with T4 DNA ligase in the
presence of a splint template (P0O30a02). The ligation reaction consists of 50mM Tris-
HCI (pH 7.8 at 25°C), 10mM MgCl,, 10mM DTT, ImM ATP, 25 ng/ml BSA, 15 mM 30-
P, 15 MM mRNA, 30 nM P030a02, and T4 DNA ligase at a concentration of 2U per
picomole of MRNA. The mixture of oligomers is heated at 90°C for 30 secs first and
cooled down for 15 min at ice. After adding T4 DNA ligase and ligation buffer, the
reaction is performed at room temperature for 1 hour.

Two steps are required to purify ligated mRNA from unligated mRNA because
they are indistinguishable even in 5% urea-PAGE (polyacrylamide gel electrophoresis).
First, both ligated mRNA and unligated mMRNA are separated from unreacted 30-P and
P030a02 by PAGE. Then, ligated mRNA is purified with dT-cellulose (New England
Biolab). The sampleis shaken with dT-cellulose for 1 hour at 4 °C in binding buffer (1M
NaCl; 20mM Tris-HCI, pH 8.0; 10mM EDTA; 1 mM DTT; 0.2% Triton X-100). After

washing with 10 volume of binding buffer, following with 10 volume of washing buffer
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(0.3 M NaCl; 20mM Tris-HCI, pH 8.0; 1 mM DTT), pure mRNA is eluted from dT-
cellulose with water. A quick spin of elution in 0.2 mm filter unit easily removes the fine
powder of dT-celluloseresin.

d. In vitro translation of b-lactamase

Trandation reaction is performed in reticulocyte lysate (Novagene) by following
conditions recommended by manufacturer. Upon the completion of translation, Mg in
mixture is adjusted to 50mM and K* to 0.6M. The mixture is then kept at —20°C for 24

hours for dT-cellulose purification and SDS-PAGE analysis (Figure 4.7).

Figure 4.7 Preparation of mRNA-lactamase fusion. Lane A: fusion in rabbit reticulocyte

lysate; Lane B: fusion after dT-oligo purification.

1
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3. Inhibitory measurement of partial deprotected penicillanic acid sulfone 8

3 mg partial deprotected penicillanic acid sulfone 8 was dissolved in 500 mi
mixture of 95% water and 5% DMSO. 25 ni inhibitor solution (10mM in 5% DM SO)
was added to 75 m reaction solution (NaOAC, 100mM, pH 4.5) containing b-lactamase
at room temperature. 2 m portions were taken out at an interval of 30 minutes and
diluted into 100 m of ampicillin solution (1ImM; 50mM phosphate, pH 7.0). The enzyme
activity was recorded for 5 minutes as the UV absorbance at 235nm decreases. As a
control, another b-lactamase solution without the inhibitor was tested the same way. The

remaining enzyme activity in the presence of inhibitor was calculated as the fraction of

control enzyme’s activity. All kinetic studies are conducted at 25°C.



105

Oligo sequences.

P063a01

5’-TAATACGACTCACTATAGGGACAATTACTATTTACAACTACCATGCACCC
AGAAACGCTGGTG

P028a01
5’-CCGCTCGAGCCAATGCTTAATCAGTGAG

P030a02

S-TTTTTTTTTTTTTTNCCAATGCTTAATCAG
N:50% T, 16.7% A, 16.7% G, 16.7% C

F30P

5’-dA 21[Co] 3dA CdCP;

Co=triethylene glycol phosphate
P = puromycin
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