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Generating mutant enzymes that are selective for one substrate over others

represents an important goal of modern protein engineering.  Structural and

thermodynamic studies of such mutant enzymes and their complexes with

substrate analogues can lead to a better understanding of the structural basis for

substrate selectivity.  In this context the Martin group has focused a series of

efforts toward developing methodology for altering the substrate selectivity of the

phosphatidylcholine preferring phospholipase C from Bacillus cereus (PLCBc).

PLCBc is a 28.5 kDa monomeric enzyme that catalyzes the hydrolysis of the

phosphodiester bond of phosphatidylcholine, phosphatidylethanolamine and

phosphatidylserine. To identify PLCBc mutants with altered specificity profiles

and catalytic activities similar to wild-type PLCBc, a combinatorial library of

approximately 4000 maltose binding protein-PLCBc fusion protein mutants
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containing random permutations of the residues in the substrate binding site

(Glu4, Tyr56, and Phe66) was generated.  Members of this library were screened

for hydrolytic activity toward the water soluble substrates 1,2-dihexanoyl-sn-

glycero-3-phosphocholine (C6PC), 1,2-dihexanoyl-sn -g lyce ro -3 -

phosphoethanolamine (C6PE), and 1,2-dihexanoyl-sn-glycero-3-phospho-L-serine

(C6PS) using a colorimetric screen conducted in 96-well format.  Ten mutant

enzymes that exhibited significant preferences toward C6PE or C6PS were

selected and analyzed by steady-state kinetics. The corresponding wt residues

were singly reinserted back into two selected enzymes, E4Q/Y56T/F66Y and

E4K/Y56V, via site-directed mutagenesis, to assess the impact of the specific

substitutions in the mutants.  The utility of the combinatorial approach described

is supported by the observation that the most selective PLCBc mutants identified

were either double or triple mutants.  An aromatic residue at position 66 appears

important for significant catalytic activity toward all three substrates, especially

C6PC and C6PE.  The charge of residue 4 also appears to be a determinant of

enzyme specificity as a negatively charged residue at this position endows the

enzyme with C6PC and C6PE preference, whereas a polar neutral or positively

charged residue results in C6PS selectivity.  Replacing Tyr56 with Val, Ala, Thr

or Ser greatly reduces activity toward C6PC.  The three-dimensional structures of

the PLCBc mutants E4Q/F66Y, Y56V, and F66W were determined by X-ray

crystallography, and only minor differences were observed between these

structures and wild type PLCBc.
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Chapter 1: Introduction to Altering Protein Specificity

Protein engineering generally involves deliberate efforts to alter protein

structure and consequently achieve a change in function.  There have been a few

examples of de novo design of enzyme functions(1-4); however, more typically

efforts are focused on understanding and using existing proteins as platforms for

the redesign of enzyme properties, such as specificity, catalytic activity, and

stability.  Engineering the substrate specificity of a protein is a particularly useful

tool for creating new catalysts that can be used for industrial and medicinal

applications and for studying structure-function relationships in enzymes.

The specificity of a noncatalytic protein is a function of how well it binds

one ligand in comparison to other ligands and is measured by the ratios of

dissociation constants (Kd) toward the ligands.  On the contrary, the substrate

specificity of an enzyme (a catalytic protein) depends on both how tightly it binds

its substrate and on catalytic turnover.  The binding of a substrate to an enzyme is

required, but not sufficient, for catalysis.  For example, substrates that bind well

but are not oriented favorably for catalysis may inhibit enzymatic activity.

Substrate specificity is typically discussed in terms of specificity constants,

defined as the ratios of the turnover constant kcat and the Michaelis constant KM,

which is derived from Michaelis-Menten kinetics.  The ratios of the specificity

constants for one substrate over competing substrates are compared to determine

the substrate selectivity of an enzyme.  Here we discuss the utility of selective
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enzymes in industrial and medical applications followed by the ways of altering

the substrate specificity of an existing enzyme.

1.1  APPLICATIONS OF ENZYME SELECTIVITY ENGINEERING

1.1.1 Applications in Synthesis and Degradation of Chemicals

Enzymes are widely exploited in asymmetric organic synthesis due to their

exquisite chemo-, regio-, and stereospecificity(5).  One goal of modern protein

substrate selectivity engineering is to generate and improve enzymes that can be

used as efficient and stable catalysts to effect transformations in organic

chemistry(6-8).  The early work in biocatalysis centered on the use of naturally

occurring enzymes that were readily available (i.e., commercially available or

easy to purify) to catalyze transformations of pharmaceutically interesting,

organic intermediates.  More recently, emphasis has shifted towards redesigning

existing enzyme structures to enhance their activities and selectivities toward

selected nonnatural substrates(9, 10).

Tailoring enzyme specificity is crucial for the use of enzymes as

mainstream catalysts in organic synthesis due to their low activity toward

nonnatural substrates(11).  Different aspects of enzyme selectivity may also

require optimization.  In some cases the catalyst needs to be very selective for one

characteristic but unselective for other characteristics.  For example, an ideal

catalyst is maybe very stereospecific, while possessing broad substrate diversity.

The value of engineering enzyme specificity to make biocatalysts is

illustrated by the following example.  Aldolases are useful enzymes because they

catalyze a C-C bond formation with stringent stereoselective control at the newly
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generated stereogenic centers.  2-Deoxyribose-5-phosphate aldolase (DERA)

reversibly catalyzes the condensation of two aldehydes.  This enzyme has been

successfully used in the synthesis of the antitumor agent epothiolone A (12).

However, the narrow substrate range of DERA is a limitation for its application in

organic synthesis, as it has a strong preference for phosphorylated substrates (13).

Wong and coworkers expanded the range of unnatural substrates that can be used

in DERA catalyzed reactions by structure based mutagenesis approaches (Section

1.2.1) (14).  They identified the DERA mutant S238D that is able to catalyze the

aldol condensation of the nonphosphorylated, unnatural substrate glyceraldehyde

and acetaldehyde to yield D-2-deoxyribose (Figure 1.1).  The S238D variant

showed a 2.5-fold improvement in specificity constant toward D-2-deoxyribose

(wild-type, 2 s-1 M-1; S238D, 5 s-1 M-1) in the reverse aldol reaction and was also

shown to catalyze the aldol reaction.  The S238 DERA variant is likely to be a

useful catalyst for organic synthesis.
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Figure 1.1.  The reactions catalyzed by DERA on the natural substrate D-
glyceraldehyde-3-phosphate (a), and by DERA D238S variant on the unnatural
substrate glyceraldehyde (b).

Enzymes with exquisite substrate selectivity also hold promise for the

degradation of toxic and environmentally hazardous chemicals such as

organophosphates, polychlorinated biphenyls, and halogenated organic

compounds (15-17).  For example, Wild and coworkers used rational mutagenesis

to alter the substrate selectivity of organophosphorus hydrolase.  Wild-type (wt)

organophosphorus hydrolase is a bacterial enzyme that hydrolyzes a variety of

organophosphorus neurotoxins, including chemical warfare agents and widely

employed pesticides (18, 19).  Rational mutagenesis was used to generate variants

with higher activities and specificities toward such toxic compounds as dementon

S, an analogue of O-ethyl S-(2-diisopropyl aminoethyl) methylphosphonothioate

(VX) and p-nitrophenyl-o-pinacolyl-methylphosphonate (NPPMP), an analogue

of soman (Figure 1.2) (20).  The H254R and H257L mutants showed four- and
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five-fold increases in specificity constants toward the VX analogue dementon S,

and H254R exhibited stringent selectivity for dementon S.  The H257L mutant

showed a five-fold improvement in specificity constant toward NPPMP, and the

double mutant H254R/H257L had an additionally enhanced specificity constant

(20-fold increase over wt) toward dementon S.  Interestingly, mutants H254R,

H257L, and H254R/H257L retained only one of the two native Co2+ metals in

their active sites.  These enzymes with altered substrate specifities may allow for

the degradation of unwanted organophosphorus compounds, outdated pesticides,

and chemical warfare agents such as soman, VX, dementonS, and NPPMP.

P
O

O

F

Soman

P
S

O

S

Dementon-S

O
P

S

O

N

VX

Figure 1.2.  Structures of soman, dementon-S, and VX.

1.1.2 Applications in Medicine

Enzyme selectivity design can be applied to the production of

“macromolecular human therapeutics,” enzymes/proteins serving as medicinal

drugs (21, 22).  Use of enzymes as therapeutics is currently a minor section of

pharmaceutical production, but attempts to capitalize on the exquisite selectivity

of enzymes are in progress at pharmaceutical research centers and academic

institutions.  For example, therapeutic enzymes have use in cancer gene therapy,

as anticoagulants or thrombolytics, and as replacements for metabolic deficiencies

(21).
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 The redesign of thrombin demonstrates the use of substrate selectivity

engineering in a medical application (23).  Thrombin is a serine protease that

proteolytically activates several substrates that have both coagulant and

anticoagulant functions (24).  It controls both clot formation and clot dissolution

at sites of vascular injury.  The cleavage of fibrinogen by thrombin promotes

coagulation, whereas the cleavage of protein C by thrombin promotes an

anticoagulant pathway.  To produce an effective anticoagulant, it is desirable to

optimize the activity of thrombin as an anticoagulant, but to decrease its activity

as a coagulant.  Saturation mutagenesis (Section 1.2.2) of four amino acid

residues was used to obtain a library of thrombin variants, which was

subsequently screened for selectivity (23).  A single point mutation, E229K, in

thrombin shifted the substrate specificity 130-fold in favor of protein C activation

over fibrinogen cleavage, thereby improving the anticoagulant activity of

thrombin.  The improved anticoagulant activity of the E229K thrombin variant

could be useful in treating strokes or myocardial infractions.

Enzymes that can enhance the activity of small molecule drugs are used in

cancer gene therapy.  Genes coding for prodrug metabolizing enzymes have the

potential to kill cancer cells when injected directly into a tumor (21, 25-29).  The

use of protein selectivity engineering in cancer gene therapy was illustrated by the

alteration of the substrate specificity of herpex simplex virus type 1 thymidine

kinase (HSV TK)(29).  At the present, HSV TK is the most advanced candidate

for tumor regression in clinical trials.
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Human thymidine kinase catalyzes the phosphorylation of thymidine,

allowing for its incorporation into a growing DNA strand.  In contrast, HSV TK

catalyzes the phosphorylation of thymidine analogues, such as ganciclovir and

acyclovir, which lack the 3’ hydroxyl and hence act as chain terminators when

incorporated into DNA.  HSV TK might be used in cancer therapy by introducing

it directly into tumors, and then dosing the person with chain terminators

ganciclovir and/or acyclovir.  HSV TK, when selectively localized in tumors, can

activate these prodrugs by phosphorylation.  This method has shown promise in

clinical trials, but the large doses of HSV TK required for tumor regression

unfortunately have immunosuppressive effects(30).  Creating HSV TK mutants

that have higher preferences for ganciclovir or acyclovir could allow for smaller

doses of  HSV TK to be introduced into tumors, thus decreasing the

immunosuppressive effects.  To identify such variants, random mutagenesis (see

Section 1.2.2) of HSV TK was performed and a large library with mutants

containing amino acid substitutions in the nucleoside-binding site was created.

Twenty-five variants with enhanced sensitivities to ganciclovir, and 53 variants

with enhanced sensitivities to acyclovir were identified(31).  In all of these

mutants, three to six amino acid replacements had occurred, suggesting that it

would have been difficult to rationally design these useful mutants.

1.1.3 Applications in Study of Structure-Function Relationships and Cell
Biology

Altered enzyme specificity always offers an opportunity to gain insight

into the relevant structure-function relationships.  Structural and thermodynamic
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studies of such mutant enzymes and their complexes with substrate analogues can

lead to a better understanding of the structural basis for selectivity(32-34).

Modifying the substrate specificity of a particular enzyme may also provide

selective enzymes that can support the study of fundamental biological processes

such as cell signaling pathways.  A particularly remarkable example of employing

specific enzymes in cell biology was reported by Shokat and coworkers(35).

They undertook the challenging task of identifying the substrates of the Rous

sarcoma virus tyrosine kinase.  Identifying substrates of kinases is typically

difficult because several kinases phosphorylate the same substrate.  Shokat and

coworkers chose to exploit rational techniques in enzyme engineering to alter the

binding pocket of Rous sarcoma virus tyrosine kinase so that it could accept an

unnatural ATP analogue, N-6-cyclopentyl-ATP not dephosphorylated by other

kinases (Figure 1.3) (see Section 1.2.1 for more detail on mutagenesis method).

The V323A/I338A variant of Rous sarcoma virus tyrosine kinase efficiently

catalyzed the phosphotransfer of the ATP analogue.  The ATP analogue was then

radiolabeled to give [g-32P]N-6-cyclopentyl ATP.  Since only the mutant Rous

sarcoma virus tyrosine kinase accepted the modified ATP, its substrates were

labeled with g-32P and could be identified.  This novel approach is now used to

identify the substrates of sarcoma virus tyrosine kinase and is extended to identify

the substrates of other tyrosine kinases(36).
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Figure 1.3.  The structures of ATP and N-6-cyclopentyl-ATP analogue.

1.2 METHODS FOR ALTERING ENZYME SUBSTRATE SELECTIVITY

The design of new methods to create and identify enzymes with novel

substrate selectivities is an important area of research, and a number of different

approaches have been developed and reviewed(37, 38).  In this section, the

following approaches for altering enzyme substrate selectivity are presented:

rational design, random methods, and techniques exploiting enzyme evolution,

selection and screening (Figure 1.4).
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Figure 1.4.  Methods for altering enzyme selectivity.

1.2.1 Rational Methods

In rational design, amino acids at chosen locations of an enzyme are

replaced by predetermined residues to alter substrate specificity according to a

prediction(39).  Rational approaches to altering enzyme selectivity require a

thorough understanding of the determinants of substrate selectivity and of the

catalytic mechanism of the enzyme.  The important advantage of rational methods

over random and evolution-based approaches is that rational design yields a very

small number of variants, and the specificities can be determined quickly without

laborious screening of selection protocols.
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Rational, point mutagenesis (also called site-directed mutagenesis) is a

popular method for introducing one or more specific amino acid replacements

into an enzyme in order to alter enzyme selectivity.  There are a few notable cases

where rational, site-directed mutagenesis has been employed successfully to

redesign the substrate specificities of enzymes and to endow 103-fold

enhancements in the specificity constants for the nonpreferred substrates(40-43).

Two techniques are commonly used to introduce specific amino acid

replacements into a target gene.  The first method is called overlap extension

(Figure 1.5)(44, 45). First, the plasmid is cleaved by restriction enzymes to give a

linear DNA template that corresponds to the gene of interest.  Four primers (short

sequences of synthetic DNA that are complementary to a section of the gene of

interest) are used in the first polymerase chain reaction (PCR) step.  In this step,

two separate PCR reactions are performed, one using primers 1 and 3 and the

other with primers 2 and 4.  Two double-stranded cDNA products are obtained.

One cDNA molecule contains the 5’ end, and the other cDNA contains the 3’ end

of the DNA section of interest.  Both DNA molecules contain the desired

mutagenic codon x.  There is a short overlap between the two products that allows

them to anneal and form a heteroduplex after denaturation.  The second PCR step

completes the sequence: the heteroduplex with 3’ recessed (incomplete) ends is

amplified resulting in a double stranded cDNA containing the desired mutation.
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5’
3’

Wild-type plasmid is linearized with
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DNA polymerase
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ends

2nd PCR reaction
amplifies
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2 and 4
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Figure 1.5.  Overlap extension PCR method. Æ represents a primer, and x
represents a mutagenic codon.

The second method is called whole template, single-round PCR(46, 47). In

this protocol, a double-stranded DNA plasmid template contains the target gene

and two oligonucleotide primers with the desired mutation (Figure 1.6).  The
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primers are complementary to the opposite strands of the plasmid template. DNA

polymerase replicates both stands of the template in a PCR without displacing the

primers, affording the mutated plasmid containing breaks that do not overlap.

DpnI methylase endonuclease, which is specific for methylated and

hemimethylated DNA, destroys the original wt plasmid.  The wt plasmid is

methylated because it has been made by E. coli rather than by PCR.  In E. coli,

most DNA methylation is catalyzed by the Dam methyltransferase, which

methylates the A residue in all GATC sequences, and the Dcm methyltransferase,

which methylates both C residues in CCAGG and CCTGG sequences.  DNA

isolated from almost all E. coli strains is methylated and therefore susceptible to

DpnI digestion.  The mutant plasmid, of course, is generated by PCR and is not

methylated because Dam and Dcm methyltransferase are not present in the

reaction mixture.  The nicked vector containing the mutant gene is then

transformed into competent cells, which repair the nick in the DNA.  The popular

“QuikChange Site-Directed Mutagenesis Kit” from Stratagene (#200518) is

useful for implementing this approach.
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Two oligonucleotide primers containing
the desired mutation/s (x) are used with
a DNA polymerase to extend the
original plasmid in a single PCR
reaction, resulting in a nicked circular
strand.

DpnI methylase digests the methylated,
nonmutated parental DNA template.

The circular, nicked dsDNA is
transformed into competent cells. The
competent cells repair the nicks in the
mutated plasmid.

x

x

x

x

x

x

x

x

        = primer, x = mutagenic codon,
thick line = template plasmid, thin line =
newly synthesized DNA.

Legend:

Figure 1.6.  Whole plasmid, single-round PCR produces the desired mutation
directly from a plasmid template.

As discussed above, Shokat and coworkers exploited rational site-directed

mutagenesis to engineer Rous sarcoma virus tyrosine kinase to accept an
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unnatural ATP analogue derivatized at the N-6 position(35). The structure of an

unrelated kinase was used as the blueprint because no structural information was

available for the Rous sarcoma virus tyrosine kinase.  The structure of the

unrelated kinase bound to ATP revealed two amino acids within 5 Å of the N-6 of

the bound ATP.  These residues corresponded to V323 and I338 in Rous sarcoma

virus tyrosine kinase and were consequently replaced by the smaller amino acid

alanine to make space for the additional substitution at the N-6 position.  While

the wt enzyme showed no detectable activity toward the ATP analogue, the

V323A/I338A mutant had a specificity constant of 3.3 x 103 min-1 M-1 toward the

unnatural substrate.  The mutant had also a 30-fold reduced specificity constant

toward ATP as compared to wt (V323A/I338A, 5.3 x 103; wt, 1.6 x 105 min-1 M-

1).  The mutant’s preference for the unnatural ATP analogue over ATP was

important for the application of this mutant in identifying the in vivo substrates of

the enzyme (see Section 1.1).

Choosing the amino acid replacements for rational mutagenesis that are

expected to result in altered substrate selectivities always requires careful

consideration.  Comparative analysis of proteins with amino acid sequence

similarities but different substrate specificities is often performed to increase the

likelihood of obtaining desired changes.  Such assessments can reveal key

functional determinants of substrate selectivity.  For example, analysis of protein

sequence alignments of carnitine acetyltransferases from different organisms

aided the rational design of these enzymes’ selectivities, even when three-

dimesional structural information was not available for either of these enzymes.
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Carnitine acetyltransferase catalyzes the reversible transfer of an acetyl group

between acetyl-CoA and carnitine (Figure 1.7).  Choline acetyltransferase

catalyzes a similar reaction, except that the acetyl group from acetyl-CoA is

transferred to choline rather than carnitine.

Figure 1.7.  Carnitine acetyltransferase catalyzes the reversible transfer of an
acetyl group between acetyl-CoA and carnitine (a).  Choline acetyltransferase
catalyzes a similar reaction, except that the acetyl group from acetyl-CoA is
transferred to choline rather than carnitine (b).

The protein sequences of 13 carnitine acyltransferases and five choline

acyltransferases have been reported, but no structural information for any of these

enzymes is available.  Cronin compared the protein sequences of several choline

acyltransferases and carnitine acyltransferases.  Based on this comparison, four
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conserved amino acid residues in choline acyltransferase were identified as

potentially essential for the selectivity toward choline over carnitine.  On the basis

of this analysis, several replacements were made in the choline acyltransferase

gene(48). The specificity constants of the mutants were determined, and results

showed that the quadruple mutant N514R/V459T/D460E/N461T converted

choline acyltransferase into a dual specific enzyme, which was active toward both

choline and carnitine.  The variant showed a greater than three orders of

magnitude increase in specificity constant for carnitine, while retaining substantial

choline acyltransferase activity.  The catalytic discrimination between choline and

carnitine was shifted by >390,000-fold in favor of carnitine (wt-choline, 2.9 x 105;

wt-carnitine, 0.3; mutant-choline, 1.2 x 103; mutant-carnitine, 2.7 x 102 M-1 s-1).

This study shows that protein selectivity can be rationally altered in the absence

of three-dimensional protein structure data.

The altered selectivity profile of choline acyltransferase can not be

definitively correlated with changes in structure because no three dimensional

structure is available for this enzyme or the N514R/V459T/D460E/N461T

mutant.  However, Cronin offers a possible explanation for the effect of the amino

acid replacements in mutant N514R/V459T/D460E/N461T.  Asn514 is conserved

in four out of five choline acyltransferase sequences and is replaced exclusively

by Arg in the carnitine acyltransferases used for sequence comparison.  The

introduction of positively charged Arg at position 514 of rat choline

acyltransferase may have provided the ionic charge required to neutralize the

carboxyl group of carnitine.  Replacement of Val459 and Asn461 by Thr in rat
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choline acyltransferase may have provided a rearrangement of hydrogen bonding

donors/acceptors and also created a decrease in side-chain volume of 33 Å3 that

might help spatially accommodate the larger substrate, carnitine.  The most

important contribution of this study, however, is that it serves to demonstrate that

significant changes in protein selectivity can be achieved in the absence of three-

dimensional data using sequence comparisons.

 Computational methods employing three-dimensional coordinates of

protein structures may also facilitate rational design of protein substrate

selectivity(2, 49, 50). The computer modeling of proteins can sometimes give

insights to the molecular basis of the known substrate selectivity of an enzyme

catalyzed reaction and to suggest how to change it by mutagenesis.

Computational modeling is very valuable for predicting the short-range

interactions, such as steric contacts and hydrogen bonds, between substrates and

proteins.  Obstacles to computational design emerge in part from the difficulty of

predicting long-range electrostatic interactions, but improved algorithms are

currently being developed for this purpose(51).

Computational modeling of proteins can facilitate altering enzyme

selectivity.  For example, Hellinga and coworkers employed a computational

method called DENZYMER(52-55) to drastically alter the substrate selectivity of

various E. coli periplasmic binding proteins (glucose-, ribose-, arabinose-,

glutamine-, and histidine-binding protein) to bind the nonnatural ligands

trinitrotoluene, L-lactate, and serotonin (Figure 1.8)(54). Computer modeling,

starting with previously solved, high-resolution, three-dimensional structures of
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the periplasmic binding proteins, provided predictions about which amino acid

sequences formed a complementary surface for each of the ligands.  The

computational procedure used target-ligand docking.  The program generated data

for theoretical variants in which the amino acids within contact distance from the

ligand in the wt binding pocket were replaced.  Energy minimization was

performed for each theoretical variant.  Among others, the geometry dependent

hydrogen-bonding term, a solvation term that represents the hydrophobic effect,

and a term stipulating that potential hydrogen bond donors and acceptors in the

ligand must be satisfied were found to be critical for the success of the algorithm.

OH

O

O
HO

N
H

NH3
NO2NO2

NO2

trinitrotoluene L-lactate serotonin

Figure 1.8.  Structures of trinitrotoluene, L-lactate, and serotonin.

Seventeen designs of the periplasmic binding protein predicted by

modeling were characterized experimentally.  The binding constants showed that

all seventeen proteins exhibited detectable affinity for their target ligand, some

having nanomolar affinities.  The binding constants of the variants toward other

ligands that were structurally similar but not identical to the target ligands were

also determined.  Several of the seventeen proteins exhibited excellent selectivity

for their target ligands, for example an L-lactate selective receptor was a >1000-
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fold tighter binder to L-lactate than the structurally related compounds D-lactate

and pyruvate.

The authors comment that the three ligands, trinitrotoluene, L-lactate, and

serotonin (Figure 1.8), are chemically distinct from each other.  The selective

proteins can therefore be used to understand critical parameters of molecular

recognition, such as molecular shape, chirality, functional groups, molecular

surface, internal flexibility, and water solubility.  The selective proteins have

complementary surfaces, for example the designed surfaces are electrically

neutral for neutral trinitrotoluene, positively charged for negatively charged

lactate, and negatively charged for positively charged serotonin.  In the designs,

hydrophobic groups of the ligand interact primarily with aliphatic side chains.  In

one instance, a dual aromatic stacking was obtained between a receptor and

trinitrotoluene.  In all of the proteins, the hydrogen bonding potential of the

functional groups on the ligand is largely satisfied.  In their designs, the authors

took into account such factors as steric clashes, unsatisfied hydrogen bonds,

hydrophobic control areas, electrostatics and volume ratio of wt to target ligands.

The authors have successfully shown that binding specificities of the periplasmic

binding protein receptors can be changed drastically by computational design.

Essential elements of molecular recognition are therefore correctly captured by

the computational design process used in these studies.

1.2.2 Random Methods

Rational mutagenesis methods for altering enzyme specificity are often

limited by the difficulty of predicting what substitutions will lead to the requisite
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altered selectivities, even when high resolution structural data are available.

Moreover, simple substitutions can lead to changes in protein tertiary structure

that may affect activity and substrate selectivity in unpredictable ways.

Accordingly, methods have been designed that adopt a more random approach

and therefore require less understanding of enzyme chemistry and structure.

Random in this context implies that amino acids are mutated to any of the other

naturally occurring amino acids to create a large library of mutant enzymes.  The

library is then screened to identify mutants that display desired substrate

selectivities.

Localized, random mutagenesis (also referred to as region-specific,

random mutagenesis) involves the random mutagenesis of a few chosen amino

acid residues.  It is a hybrid of the rational and completely random protein

engineering methods, and it has been used to design several proteins with novel

specificities(56-61).  In this approach, peptide domains containing residues

believed to be important for catalysis and/or binding are modified by random

substitutions, and the resulting, relatively small library is screened to identify

mutants that exhibit the desired phenotype.

The successful alteration of ribonuclease T1 (Rnase T1) guanine

specificity by random mutagenesis of six residues in the guanine binding site

illustrates the power of region-specific random mutagenesis(56).  Based on crystal

structures of Rnase T1 complexed with various inhibitors, residues 42-46 of

Rnase T1 interact with the guanine base.  Residues Tyr42, Asn43, Asn44, Tyr45,

and Glu46 are located within the substrate recognition loop and residue Lys41 is
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located next to the catalytic residue His40 and these residues were consequently

chosen for mutagenesis.  Six hydrogen bonds are involved in the recognition

between guanine and the recognition loop.  The carboxylate of Glu46 side chain

forms one hydrogen bond to N1 of guanine and another one to N2 of guanine.

The remaining residues of the recognition loop (Tyr42, Asn43, Asn44, and Tyr45)

are involved with guanine via their backbone atoms.  In addition to hydrogen

bonding, guanine forms hydrophobic interactions with Tyr42 and Tyr45.

In order to avoid possible wt background activity, an inactive Rnase T1

mutant K41stop/Y42S/N43A/N44R/Y45M/E46Y was used as template for the

permutational library.  A combinatorial library of approximately 1.6 million

Rnase T1 mutants was screened on Rnase indicator plates.  One enzyme

(K40S/N43W/N44H/Y45A/E46D) was identified that exhibited a significantly

higher activity in adenylyl-3’,5’-cytidine cleavage and a reduced guanylyl-3’,5’-

cytidine cleavage activity compared to wt.  To further study the substrate

specificity of this mutant, the authors analyzed the reverse reaction for the

synthesis of dinucleoside monophosphates from cytidine and the corresponding

2’3’-cyclic diesters.  The RNase T1 mutant (K40S/N43W/N44H/Y45A/E46D)

demonstrated a 7-fold increased synthesis rate for the nonpreferred substrate

adenylyl-3’,5’-cytidine and a comparable synthesis rate for guanylyl-3’,5’-

cytidine compared to wt RNase T1.  The authors state the reasons for the

modified specificity of the RNase T1 mutant discussed here cannot be explained

without understanding the effects on the three-dimensional structure. They have

yet to successfully crystallize the K41S/N43W/N44H/Y45A/E46D mutant.  In
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this study, the authors demonstrated that region-specific random mutagenesis is a

powerful tool for achieving new enzymatic specificities.

Region-specific random mutagenesis involves replacing a few amino acids

by any amino acid, but it does not imply that all possible combinations 20n (n =

number of amino acid residue being altered) are generated and studied.

Saturation mutagenesis, on the other hand, is a specific type of region-specific

random mutagenesis in which one or a few amino acids are randomly mutated to

all of the possible remaining 19 natural amino acids(62).  In other words, unlike

region-specific mutagenesis saturation mutagenesis ensures that all possible

combinations of replacements at each of the chosen amino acid positions are

studied.  Saturation mutagenesis is especially useful for gaining insights into

structure-function relationships as they pertain to substrate selectivity of enzymes,

because a comprehensive set of chemical moieties (all those present in the side

chains of natural amino acids) in a given position of an enzyme is studied(63).

1.2.3 Evolutionary Methods

Evolution is the slow process by which living organisms diversify and

become more complex.  Through cycles of mutation, the fittest variants are

preserved, and new traits are accumulated and passed on from one generation to

the next.  Chemists have begun to employ such an approach for altering enzyme

properties, such as substrate selectivity.  Many efforts in engineering enzyme

selectivity by rational or region specific mutagenesis do not succeed as well as

anticipated because factors such as protein folding, dynamics, and protein

stability, are not sufficiently well understood and accounted for in rational design.
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Small changes in the geometry of the active site are often enough to induce large,

unexpected consequences(64).  Whole gene randomization followed by iterative

rounds of selection, often referred to as in vitro evolution, offers an attractive

alternative to rational and region-specific random mutagenesis because less

knowledge about protein structure and chemistry are required(65-67).  This

technique has been used to modify enzyme specificities in a remarkable fashion

(17, 68, 69).

DNA shuffling is a revolutionary method that was first developed for

enzyme evolution(70, 71).  This method takes a group of genes with relatively

similar sequences (either from different organisms or generated by error-prone

PCR) and fragments them into small pieces by digestion with DNaseI, a

restriction enzyme that cuts DNA in random locations (Figure 1.9).  The

fragments are purified by DNA purification techniques, and reassembled in a PCR

reaction in the presence of a thermostable, error-prone polymerase.  This PCR

reaction uses the fragments as primers, and hence there is no need for other

oligonucleotide primers.  The fragments cross-prime each other to give a hybrid

DNA strand with components from the different parent genes.  In a modification

to this protocol, Kikuchi and coworkers used a mix of restriction endonucleases,

instead of DnaseI, to cleave the parent genes(72).  The advantage of using

restriction enzymes was that the frequency of chimera, a DNA strand consisting

of components from more than one parent gene, formation between the parent

genes was greatly increased, resulting in a more diverse library.  However, the

disadvantage of this method was that the crossover sites were biased to coincide
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with existing restriction sites.  In another modification, Shao and coworkers

generated the fragments by means of random priming synthesis; gene fragments

were obtained by random priming synthesis instead of DnaseI digestion(73).  This

modification required less template DNA for each round of shuffling.

Parent genes (only two are 
shown) are randomly 
fragmented with Dnase I or  
a mixture of other restriction 
enzymes.  

The fragments are 
reassembeled in a primer-
less PCR reaction.  The 
fragments serve as primers 
as well as the template.

The procedure results in 
hybrid DNA strands that 
have components from 
multiple parent genes.

Figure 1.9.  The DNA shuffling technique.

Three rounds of DNA shuffling and selection were recently used by

Ellington and Matsumura to evolve the E. coli b-glucuronidase to catalyze the

hydrolysis of nonpreferred b-galactoside substrate(74).  After three rounds of

DNA shuffling, the mutant b-glucuronidase was found to hydrolyze b-galactoside

500 times more efficiently than the wt.  A 52 million-fold inversion in specificity

from glucuronic acid to b-galactoside was observed.  The authors investigated the

effects of the different point mutations in the most selective variant.  They found

that four mutations in the variant T509A/S557P/N566S/K568Q had a synergistic
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effect on substrate selectivity.  Mutants containing only some of these four

mutations displayed much broader specificities than the variant with all four

mutations.  In order to understand the structure/function relationships of the

amino acid mutations in the T509A/S557P/N566S/K568Q E. coli b-glucuronidase

variant, the authors re-examined the structure of the human b-glucuronidase, and

fit a b-glucuronic acid into the active site.  This model predicted that residues

N566 and K568 contacted the substrate by intermolecular hydrogen bonds and

gave insight into why the replacement of residues N566 and K568 might have an

impact on specificity in the E. coli enzyme.  The authors further speculated that

the T509A and S557P mutations might have destabilized the active-site loop of b-

glucuronidase, thereby decreasing the specificity of the binding pocket.

Since the value of DNA shuffling was first and successfully

demonstrated(70, 71), related techniques with improvements to the original

procedure have been developed.  In the staggered extension process (StEP),

fragmentation of the parent genes is not necessary(75).  Instead, terminal-primed

DNA replication is performed by PCR with very short extension times, resulting

in short strands of replicated DNA (Figure 1.10).  After each round of replication,

the product of the replication is separated from the parent strand by heat

denaturation and allowed to anneal and prime the replication of a different

template.  The growing DNA strand changes templates multiple times and thus

accumulates components from different parent genes.
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Terminal primers are used to 
replicate the DNA strands.  
Replication is stopped after a
short time, resulting in small 
terminal segments of DNA.

The procedure results in 
hybrid DNA strands that 
have components from 
multiple parent genes.

The fragments are 
denatured from the template 
and allowed to anneal onto a 
different parent template.  
Replication is allowed to 
proceed for a short time 
increment.  This step is 
repeated several times.

Terminal primers are used to 
replicate the DNA strands.  
Replication is stopped after a
short time, resulting in small 
terminal segments of DNA.

The procedure results in 
hybrid DNA strands that 
have components from 
multiple parent genes.

The fragments are 
denatured from the template 
and allowed to anneal onto a 
different parent template.  
Replication is allowed to 
proceed for a short time 
increment.  This step is 
repeated several times.

Figure 1.10.  The staggered extension process (StEP).

The following example illustrates the use of StEP in altering the substrate

selectivity of cytochrome P450cam(76).  The family of cytochrome P450cam

monooxygenases catalyzes the oxidation of a wide range of organic substrates and

accordingly has great potential as a biocatalyst in organic synthesis.  The natural

substrate of cytochrome P450cam from P. putida is camphor and cytochrome

P450cam exhibits only weak activity towards naphthalene.  Cytochrome P450cam

requires nicotinamide adenine dinucleotide (NAD) as a cofactor.  Joo and

coworkers used random mutagenesis coupled with StEP to alter the substrate
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selectivity of cytochrome P450cam to hydroxylate the nonnatural naphtalene

substrate.  They also eliminated the need for the cofactor NAD by replacing NAD

and O2 with hydrogen peroxide as the oxidizing source.  Several variants with

increased naphthalene activity were identified.  The R280L/E331K variant

generated by mutagenic PCR hydroxylated naphtalene with >11-fold and 3-

phenylpropionate with 3.2-fold higher activities than the native enzyme.  The

StEP method was used to recombine five mutant P450cam genes from the first

generation.  Several variants with ~20-fold improvements in naphthalene

hydroxylation activity over wt were identified.  The mutants developed in these

studies could be used as catalyst for the synthesis of various molecules in the

absence of the NAD cofactor, expanding the scope of unnatural substrates that

can be oxidized by cytochrome P450cam and lowering cost, since the expensive

NAD cofactor is not required.  Other studies will most likely further increase the

substrate range of cytochrome P450cam.  In the course of this work, an interesting

screening process was developed that will be discussed in the next section.

DNA shuffling and the related methods discussed above only work if there

is sufficient DNA sequence similarity between all the parent genes.  If the parent

genes are too diverse, their fragments cannot anneal and cross-prime each other.

Recently progress has been made towards nonhomologous recombination

methods(65, 66).  Such methods have yet to be used in altering enzyme substrate

specificity.
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1.2.4 Selection and Screening Methods

Evolution-based approaches that generate large libraries can be used to

generate proteins with altered substrate selectivity profiles.  However, the

technical difficulty of establishing a rapid and sensitive protocol to evaluate >1010

mutant enzymes for the desired specificity often limits the practical utility of these

methods.  The identification of variants with chosen characteristics is greatly

simplified when there is a direct connection between cell survival and enzyme

activity.  In such cases, genetic selection can be performed, and only the colonies

containing variants with the desirable phenotype are able to live.  Genetic

selection has been demonstrated to be a powerful approach for analyzing large

populations of biomolecules(69, 77-80).

Conversion of homodimeric aspartate aminotransferase from E. coli into

valine aminotransferase provides an excellent example of how a genetic selection

protocol can be used to identify enzymes with greatly altered selectivities(69).

Wild type aspartate aminotransferase catalyzes the conversion of oxaloacetate to

aspartate (kcat/KM  = 2.3 x 107 s-1 M -1), but it has very low activity on 2-

oxovaline, the precursor of valine (kcat/KM  = 0.057 s-1 M-1).  DNA shuffling was

used to make a random library of aspartate aminotransferase mutants with higher

activity for 2-oxovaline (Figure 1.11).  The researchers established a selection

system where variants were chosen for their ability to complement an auxotrophic

E. coli strain lacking the gene for the branched-chain amino acid

aminotransferase. This enzyme is required for the synthesis of valine, leucine, and

isoleucine.  Consequently, the mutant strain cannot grow in the absence of added
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valine.  However, if the activity of aspartate aminotransferase for the conversion

of 2-oxovaline to valine is present, valine is generated and the strain can survive.
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Figure 1.11.  Aspartate aminotransferase catalyzes the transamination of
oxaloacetate to L-aspartate, concomitant with conversion of the pyridoxamine
phosphate cofactor (PMP) to pyridoxal phosphate (PLP) (a).  Mutagenesis yielded
an aspartate aminotransferase variant that catalyzes the conversion of 2-oxovaline
to L-valine (b).

Using five rounds of shuffling and the selection protocol described above,

a mutant with 13 amino acid substitutions was identified that had activity for 2-

oxovaline increased by five orders of magnitude compared to wt (0.057 s-1 M-1

(wt); 7.4 x 103 s-1 M-1 (mutant)).  The specificity constant toward oxaloacetate

decreased from 2.3 x 107 s-1 M-1 (wt) to 1.3 x 106 s-1 M-1 (mutant), indicating a

large change in substrate selectivity.  Of the 13 mutations, six accounted for 80-

90% of the total effect.

The authors speculate on the role of some of the six substitutions

(Asn34Asp/Ile37Met/Ser139Gly/Asn142Thr/Asn297Ser/Val387Leu) based on an

analysis of the X-ray crystal structure of E. coli aspartate aminotransferase
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complexed with a substrate analog, 2-methyl-L-aspartate.  The g-methyl group of

the side of Ile37 is positioned close to the b-methylene of 2-methylaspartate and

thus might interact with the g-methyl group of b-branched substrates.  The authors

suggest that the Ile37Met mutation may remove this steric hindrance.  The other

residues (Asn34, Ser139, Asn142, Asn297, and Val387) are farther away from the

substrate and their effects are more difficult to understand.  The authors

commented on the effects of the Asn297Ser substitution.  Previously,

crystallographic analysis showed that this mutation moves a water molecule away

form the substrate binding site to make space for the binding of aromatic

substrates.  The side chains of b-branched substrates are smaller than those of

aromatic substrates, and it is unclear whether the same explanation holds for the

reaction with b-branched substrates.  The authors offer the following explanation

for the effect of the Val387Leu substitution:  Val387 is next to Arg386, which

based on the crystal structure, interacts with the a-carboxylate of the substrates.

The Val387Leu substitution might then adjust the orientation of the side chain of

Arg387 to bind b-branched substrates.  Interestingly, only one of the six

functionally important residues (Ile37) is located within a distance of direct

interaction with the substrate.  It would then have been very difficult to rationally

identify these amino acid replacements.  Moreover, the results emphasize the

importance of the distal residues to the binding pocket on substrate selectivity.

Another example of a novel selection was furnished by Wong and

coworkers(13).  They developed one of the first selection systems able to identify

an enzyme with unnatural and synthetically useful substrate specificity.  Rational,
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site-directed mutagenesis based on the high-resolution X-ray structure of D-2-

deoxyribose-5-phosphate aldolase, was used to generate the S238D mutant that

had a 2.5 times higher specificity constant for the unnatural substrate D-2-

deoxyribose than wt (Section 1.1, Figure 1.1).  While the authors found this

change in substrate selectivity encouraging, they aimed to further increase the

activity towards the unnatural substrate by random mutagenesis.  To rapidly

evaluate the activity of a large population of variants, a selection methodology

was developed.  An E. coli strain that requires acetate or acetaldehyde for growth

was engineered.  In the absence of acetate or acetaldehyde supplementation, only

the cells transformed with a D-2-deoxyribose-5-phosphate aldolase gene variant

that can catalyze the reaction of the supplementation substrate to aldehyde can

survive.  This protocol can be used to identify D-2-deoxyribose-5-phosphate

aldolase variants with novel substrate selectivities and high catalytic activities.

A serious disadvantage of a biological selection for achieving changes in

substrate selectivity is that the activity for a nonnatural substrate can seldom be

easily connected to a biological function.  When selection is not possible, a library

of variants must be screened rather than selected, and the library members must

be studied separately(67, 81).  Accordingly, the throughput is generally lower,

especially if the products of the enzymatic reaction are not chromogenic or cannot

be observed directly on agarose plates.

In cases where the reaction on the desired substrate generates a visible

signal, screening is greatly simplified(82).  When enzyme activity cannot be

linked with a color change, it is sometimes possible to link activity with a
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fluorescent signal instead and exploit this signal in a screening procedure to

identify active variants.  A versatile high-throughput screen was developed for

identifying cytochrome P450cam variants that hydroxylate aromatic

compounds(76, 83).  Horseradish peroxidase was used to convert the phenolic

products of the cytochrome P450cam catalyzed reaction into fluorescent

compounds (Figure 1.12) that were easily detected by digital imaging.  The

horseradish peroxidase was coexpressed with the cytochrome P450cam and

consequently the conversion of the aromatic compounds into fluorescent

compounds occurred in vivo(84).  The wavelength of fluorescence generated by

the horseradish peroxide coupled reaction varied with the site of hydroxylation.

This may facilitate the screening of catalysts with altered regiospecificities in the

future.  The authors envision that a wide variety of environmentally friendly,

aromatic hydroxylation catalysts with high regio- and stereospecificities, can be

identified using this novel screen.  These enzymes might be very useful for the

insertion of the oxygen atom into a diverse range of notoriously inert,

hydrophobic, aromatic substrates.

P450cam

H2O2

Horseradish 
Peroxidase

H2O2

O

OOH

Naphthalene Naphthol Fluorescent dimers/polymers

Figure 1.12.  Cytochrome P450cam mutants catalyze the hydroxylation of
naphthalene, and horseradish peroxidase subsequently catalyzes the coupling of
naphthol to form fluorescent dimer/polymer products, which can be detected by
digital imaging.
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Coupling of cell surface display libraries with fluorescence activated cell

sorting (FACS) represents an innovative screening approach that may be

applicable to screening very large libraries (Figure 1.13)(85).  Iverson, Georgiou

and coworkers developed a strategy to identify enzymes based on catalytic

turnover.  Exploiting such a screening method, the authors altered the substrate

selectivity of serine protease OmpT.  Wild-type OmpT efficiently cleaves the

peptide bond between two positively charged amino acids, such as Lys or Arg.  A

substrate was synthesized containing the following components: a fluorophore, a

positively charged moiety, the scissile bond, and a quenching fluorophore that

acts as an intramolecular fluorescence resonance electron transfer (FRET) partner.

The positively charged substrate interacted electrostatically with the negatively

charged surface of an E. coli cell.  The fluorophore and the quenching fluorophore

were separated by the scissile bond.  Upon cleavage, the fluorophore and the

quenching fluorophore were separated, and fluorescence was observed.  FACS

was employed to isolate the clones in which cleavage of the scissile bond had

ensued.  A library of 6 x 105 variants was screened for nonpreferred Arg-Val

cleavage and mutants with 60-fold improvement in specificity constants were

obtained.
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Figure 1.13.  Coupling of cell surface display libraries with fluorescence
activated cell sorting (FACS) represents an innovative screening approach that
may be applicable to screening of very large libraries.

Another common method for screening protein libraries is phage

display(86).  In this method, degenerate reverse primers are used in a PCR

reaction to randomly mutate the starting cDNA throughout a target region.  The

PCR products are subcloned into an M13 bacteriophage vector that encodes the

coat protein III of the filamentous phage f1.  Each phage in the pool of variants

expresses a mutated protein, which is displayed on the coat protein of the phage

surface.  This allows for the screening of the library for variants with the desired

affinity.  The variants that bind tightly to the substrate are identified by elution

Legend:
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experiments and the phage-DNAs from the chosen clones are then purified and

sequenced.

An example of using phage display to create proteins with desired

substrate selectivities was provided by Belcher and coworkers(87), who utilized

phage display to select for peptides that bind with high specificity to

semiconductor surfaces, such as gallium arsenate.  The members of the

combinatorial library in this study each contained twelve randomized amino acids

that were fused to the pIII coat protein of M13 phage.  Five copies of pIII were

displayed on one end of the phage particle.  The library members were screened

against five different single crystal substrates, gallium arsenide(100), gallium

arsenide(111)A, gallium arsenide(111)B, indium phosphide(100),  and

silicon(100).  Proteins that successfully bound to the specific crystal were eluted

from the surface, amplified, and re-reacted against the substrate under more

stringent conditions.  This protocol was repeated five times to select the phage

with the most specific binding, which was isolated and sequenced.

Using the protocol described above, twenty proteins that bound gallium

arsenide were identified and analyzed.  When their sequences were aligned,

similarities between their amino-acid sequences were revealed.  The sequences

contained a large proportion of amino acids with functional groups that could

donate electrons to the gallium arsenide surface, for example threonine, serine,

asparagine, and glutamine.  The number of uncharged polar and Lewis-base

functional groups increased with the number of exposure to a gallium arsenide

surface.  Phage clones from third, fourth, and fifth round of selection contained
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approximately 30%, 40%, and 44% polar functional groups, and 41%, 48%, and

55% Lewis-base functional groups, respectively.  The fraction of Lewis-base

functional groups in a random 12-mer peptide was about 34%, and the authors

speculated that the increased fractions of Lewis-base functional groups in the

libraries might suggest that interactions between Lewis bases on the peptides and

Lewis-acid sites on the gallium arsenide surface may aid the binding of the

selected peptides.

The authors identified several selective proteins, for example, they

isolated a peptide that selectively bound gallium arsenide, but not silicon.  They

also obtained a peptide that was specific for one side of the gallium arsenide

lattice: This peptide bound to gallium arsenide(100) but not gallium

arsenide(111)A or B.  These different surfaces are known to have different

chemical reactivities and properties.  The surfaces have the same geometric

structure, but some have gallium atoms outermost in the surface bilayer while

others have arsenide atoms as the outermost layer.  The composition of the oxides

of the different gallium arsenide surfaces also varies, probably affecting

interactions with the peptides.  The authors envision that these specific peptide

receptors for inorganic lattices may one day provide building blocks for the

fabrication of complex electronic structures.

1.3 CONCLUSIONS AND FUTURE DIRECTIONS

Enzymes are clearly emerging as valuable catalysts, and their industrial

and medicinal applications are likely to multiply in the coming years.  However,

compared to small molecule drugs, pesticides, and catalysts, proteins have many
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disadvantages: They are often unstable, they are more difficult to analyze

quantitatively, their large-scale production is challenging, and there are severe

delivery problems in medical applications because proteins do not cross biological

barriers as easily as small molecules.  Despite these obstacles, the potential of

proteins to be extremely selective receptors and catalysts has kept investigators

and funding sources interested in exploring their practical uses.

Enzymologists have learned many valuable lessons from substrate

selectivity engineering efforts.  For example, numerous studies have shown that

synergy often plays an important role in substrate specificity(64).  Altered

substrate selectivity profiles are often the result of multiple amino acid

replacements and enzymes with only a few of these replacements exhibit broader

selectivities.  Also, amino acid replacements that alter the substrate selectivity of a

protein are not always located in the ligand binding pocket.  Rather, they may be

much too far to form molecular interactions with the ligand, indicating that subtle

differences throughout the protein can have a large impact on selectivity.  This

observation supports the induced fit model, which states that substrate binding

causes a small change in the three-dimensional protein structure, so flexibility and

minor motions are important determinants of substrate selectivity and catalytic

activity(64).

The available set of tools for altering protein substrate selectivity is getting

more diverse.  Rational, random, and evolution-based methods have all been

recently successfully applied to altering substrate selectivity of proteins.  Often a

combination of different approaches based on what is known about the protein is
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the best avenue for success.  For example, altering the substrate selectivity by

rational engineering of the enzyme active site and then pursuing evolution-based

techniques to increase the absolute activity of the variant has been shown to be

effective.

In the future, improved computer algorithms that better predict the effect

of certain amino acid replacements on enzyme selectivity will likely emerge.

Furthermore, as new screening and selection protocols are developed and

automated, evolution-based approaches will become more useful.  The

development of streamlined methods will perhaps occur when substrate

selectivity engineering moves from academic institutions to pharmaceutical

industry.  Novel methods will allow for the incorporation of unnatural amino

acids into proteins using rational point mutagenesis(88, 89).  These developments

may eventually result in greater understanding of protein chemistry so that we can

design and synthesize proteins exhibiting desired activities and selectivities de

novo even in the absence of a blueprint.
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Chapter 2:  Altering Substrate Specificity of Phospholipase C
from Bacillus cereus by Mutagenesis of the Head Group Binding

Site

Generating mutant enzymes that are selective for one substrate over others

represents an important goal of modern protein engineering (Chapter 1).  Such

enzymes can be used to study fundamental biological processes such as cell

signaling pathways(35) and mechanisms of substrate recognition(88).  Structural

and thermodynamic studies of these mutant enzymes and their complexes with

substrate analogues can lead to a better understanding of the structural basis for

function and activity(33, 34).  Hence, the design of new methodologies to create

and identify enzymes with novel substrate selectivities is an important research

area.  In this context the Martin group has focused a series of efforts toward

developing methodology for altering the substrate selectivity of the

phosphatidylcholine preferring phospholipase C from Bacillus cereus

(PLCBc)(61, 90-92).  PLCBc catalyzes the hydrolysis of the three phospholipid

substrates, phosphatidylcholine (PC), phosphatidylethanolamine (PE), and

phosphatidyl-L-serine (PS).  One goal of this project is to develop methods for the

mutagenesis, screening, and kinetic analysis of PLCBc.  Once a set of P L CBc

variants is obtained, focus will be directed toward using these enzymes to further

the understanding of the structural basis for the substrate selectivity  of PLCBc.  In

this chapter the progression toward the generation, identification, and kinetic

analysis of PLCBc mutants with significantly altered substrate selectivity profiles

toward PC, PE, and PS is described.  The chapter begins with an introduction to
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the substrates of PLCBc and to the interactions of ammonium ions with proteins.

This is followed by a description of the single-site and random, region-specific

PLCBc mutagenesis experiments previously performed by the Martin group in

order to identify PLCBc variants with altered selectivity profiles.  Finally, new

contributions to these studies are discussed.

2.1.  BACKGROUND: INTRODUCTION TO PLCBC AND THE INTERACTIONS OF
AMMONIUM IONS WITH PROTEINS

2.1.1.  Substrates of PLCBc

PLCBc hydrolytically cleaves the phosphodiester bond of PC, PE, and PS

with the ratios of the corresponding specificity constants, kcat/KM, being

approximately 10:7:1 to provide a diacylglycerol (DAG) and the corresponding

phosphorylated head group (Figures 2.1 and 2.2)(91, 93).
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R

Figure 2.1.  General Structures of three families of phospholipids:  PC, PE, and
PS.  The dotted line shows the phosphodiester bond hydrolyzed by PLCBc.
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Figure 2.2.  Reaction catalyzed by PLCBc.

The substrates of PLCBc, PC, PE and PS, are major lipid components of

various plant and animal cell membranes, making up approximately 40% of the

protective membrane that covers cells and organelles.  Among other functions,

they control which substances are allowed into cells and play important roles in

signal transduction pathways(94-96).  Given the importance of these molecules, it

becomes useful to learn more about their interactions with the substrate binding

site of PLCBc.  One approach to understanding the interactions between the

binding site of PLCBc and PC, PE and PS is to correlate the selectivity profiles of

the enzyme (wt or mutant) with the structural similarities and differences between

its substrates.  All three PLCBc substrates have the same general structure, but

they differ with respect to the nature of the head group position R (Figure 2.1).

Each substrate bears an ammonium moiety as part of its head group; PC has a

quaternary ammonium ion, while PE and PS both contain primary ammonium

ions (Figure 2.1).  Martin and coworkers discovered that the presence of an

ammonium head group is an important requirement for the substrates of PLCBc.
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An isosteric substrate analogue in which a the trimethylammonium moiety of

C6PC had been replaced by a tert-butyl group was hydrolyzed by PLCBc

approximately 1000 times less efficiently than the corresponding PC

substrate(97).

The structural differences between the head group ammonium ions, size,

charge, and the ability to hydrogen bond, are in one way or another responsible

for the differences in specificity constants of wt PLCBc toward PC, PE, and PS.

Inspection of the substrates reveals that PC and PE each have a net positive

charge on their respective head groups, whereas the positive charge on the

zwitterionic PS head group is paired with a carboxylate.  Based on molecular

models, the head groups of PC and PS are relatively similar to each other in size,

while PE bears the smallest head group of the three substrates.  Only PE and PS

can form hydrogen bonds.  Detailed understanding of how these structural

differences and similarities result in the different specificity constants of PLCBc

towards PC, PE, and PS may provide valuable insights into the interactions

between amino acid side chains in the head group binding pocket of PLCBc and

its substrates.

2.1.2.  Substrate Head Group Binding Site of PLCBc

Several X-ray crystal structures of wt PLCBc in its native state and

complexed with different ligands have been determined at high resolution

(Chapter 3)(98-101), and the structure of the D55N mutant complexed with two

ligands has also recently been solved (Section 3.2)(102).  The structure of PLCBc

complexed with a PC-derived phosphonate inhibitor shows that the side chains of
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the three residues, Glu4, Tyr56, and Phe66, are each within 5 Å of the

trimethylammonium cation of the substrate head group(101).  Their proximity to

the choline head group in the PLCBc-inhibitor complex (Figures 2.3 and 2.4)

suggested that these residues might play roles in modulating the substrate

selectivity of PLCBc.  They are located on PLCBc surface loops and consequently

their mutagenesis is not likely to affect the overall structure of the enzyme.

Glu4

Tyr56

Phe66

Glu4

Tyr56

Phe66

Figure 2.3.  View of Glu4, Tyr56, and Phe66 interacting with a substrate
analogue.

The side chain carboxylic acid group of Glu4 is positioned 4.0 Å from the

carbon atom of the closest methyl group on the choline moiety, whereas the

tyrosine hydroxyl group is 3.8 Å from the carbon atom of the closest methyl

group.  The centroids of the aromatic faces of Tyr56 and Phe66 lay approximately
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4.7 and 4.2 Å, respectively, from the carbon atoms of the closest methyl groups.

In particular, the aromatic ring of Phe66 is positioned so that one π-face may

interact with the trimethylammonium ion, perhaps stabilizing the positive charge

through π-cation effects (Section 2.1.3)(Figure 2.4)(103-109).

Glu4

Phe66

Tyr56

P

H2C

O O

O

NMe3

O O

O O

O

O

HO

4.0 Å

4.2 Å
3.8 Å

Figure 2.4.  Cartoon view of Glu4, Tyr56, and Phe66 interacting with a substrate
analogue. The distances in Ångstroms between the methyl groups of the
ammonium group of the choline moiety and the carboxyl group of Glu4, the
phenolic hydroxyl of Tyr56, and the centroid of the aromatic ring Phe66 are
shown.

2.1.3  Introduction to Binding of Ammonium Ions to Proteins

The head groups of PC, PE, and PS each contain an ammonium group, and

therefore PLCBc and its substrates are a useful model system for studying

molecular recognition of ammonium groups by proteins.  Ammonium ions are

often found in biologically and medicinally active molecules such as histamine,

cathecolamines, acetylcholine, and various peptides involved in signal

transduction(110).  Several ammonium ions have clinical significance.  For

example, creatinine is a marker of kidney dysfunction, and creatine is released

during myocardial infarction and certain degenerative muscle diseases(111).
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Insights at the molecular level into the interactions of primary and quaternary

ammonium ions with proteins should facilitate the design of molecules targeted

for protein binding and the engineering of binding sites for ammonium moieties in

proteins.

There are several well-documented studies that have examined the binding

of quaternary ammonium ions (such as choline) to proteins(103-109).  The

majority of these systems have been proposed to involve “!-cation interactions”,

which consist of non-covalent interactions of aromatic groups with positively

charged groups or induced positive charges(112).  Cations are strongly attracted

to the p face of aromatic structures, which have a quadrupole moment.  Smaller

cations are usually more tightly bound than larger cations.  In biological systems,

the relevant aromatic moieties are the amino acid side chains of Phe, Tyr, and

Trp.  It is interesting to note that in many structures where a cation is being

bound, a relatively uncommon Trp is found.  A possible reason is that the indole

ring of Trp provides a much larger, more intense region of negative electrostatic

potential than does Phe and hence constitutes a more attractive cation-binding

site.  Tyr is also more prominent than Phe in structures where a p-cation

interaction is postulated.  Although the aromatic portions of Phe and Tyr are very

similar, the additional hydroxyl group of Tyr provides a second area of

concentrated negative charge(104, 111, 113).  Since the substrate binding site of

PLCBc contains two aromatic residues (Tyr56 and Phe66) that are observed in

close proximity to the positively charged choline head group in the structure of
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PLCBc bound to a substrate analogue, it is possible that !-cation interactions play

a role in the substrate recognition of PLCBc(101).   

The importance of studying !-cation interactions is highlighted by the

following examples.  Acetylcholinesterase is often thought of as the archetype of

p-cation interactions between a protein and a ligand.  Fourteen aromatic residues

and 21 other residues line the access gorge of acetylcholinesterase.  The aromatic

residues are highly conserved in acetylcholinesterases from different species(104,

105).  Sussman suggested that the relatively weak p-cation interactions may help

direct the substrate towards the productive enzyme-substrate complex.  A choline

binding site in acetylcholinesterase has been identified in which the

trimethylammonium moiety of actetylcholine is primarily bound by aromatic

residues, most especially by Trp84 (Figure 2.5)(104, 105).



48

Trp84
Phe330

Decamethonium

Figure 2.5.  Structure of decamethonium bound to acetylcholinesterase from
Torpedo californicans (structure taken from Brookhaven entry 1ACL).  Residue
Trp84 is shown.  One of the terminal, quaternary ammonium ions of
decamethonium binds in the same position as the proposed choline-binding
site(105).

Another example of the interactions of quaternary ammonium cations with

proteins is the binding of phosphocholine to the mouse antibody Fab McPC603.

The crystal structure of this antibody revealed the first reported quaternary

ammonium moiety that binds to a protein through aromatic residues.  The

phosphocholine moiety is in contact with residues Glu35, Tyr100, and Trp107.

Glu35 appears to make a hydrogen bond with the hydroxyl moiety of Tyr100.

This hydrogen bond appears to help position Tyr100 so that it can interact with

the positively charged head group of choline via a p -cation interaction.

Furthermore, residue Trp107 is also in position to make a good p-cation

interaction with the trimethylammonium group.  It is interesting to note that in the

binding of phosphocholine by Fab McPC603, aromatic and nonaromatic residues
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seem to collaborate in binding the positively charged quaternary ammonium head

group(108, 114).

Trp107
Tyr100

Phosphocholine

Glu35

Figure 2.6.  Phosphocholine-binding site of the McPC603 Fab antibody is
shown(108, 114).  Coordinates for the figure were taken from Brookhaven entry
2MCP.  The choline group interacts with aromatic side chains of Trp107 and
Tyr100.  Glu35 forms a hydrogen bond with Tyr100 and helps position Tyr100 so
that it can interact with the positively charged head group of choline via a p-
cation interaction.

The structures of acetylcholinesterase and McPC603 are just a few

examples of structures that provide valuable insights into the binding of

quaternary ammonium ions by aromatic residues.  However, good structural

models for the binding of ligands containing primary ammonium ions by aromatic

amino acid side chains are still lacking.  Since the PE substrate of PLCBc contains

a primary ammonium ion, PLCBc variants that are truly selective for PE could

perhaps be used as structural models for the interactions of primary ammonium

ions with aromatic residues.
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While little is known about the molecular interactions of primary

ammonium ions with proteins, there is some structural precedent for the binding

of secondary ammonium ions to proteins. The simple secondary and tertiary

amines, di- and trimethylamine, are bound by the methylobacterial proteins

trimethylamine dehydrogenase and dimethylamine dehydrogenase. The structure

of trimethylamine dehydrogenase complexed with a trimethylammonium ion has

shown that the substrate is bound by p-cation interactions in an aromatic bowl

consisting of residues Tyr60, Trp264, and Trp355 (Figure 2.7).  Dimethylamine

dehydrogenase has 63% sequence identity to trimethylamine dehydrogenase, and

a model has been constructed for its structure in order to identify structural

changes that lead to binding of dimethylamine in place of trimethylamine(115,

116 ).  All substrate binding residues are entirely conserved and identically

positioned, except for Tyr60 in trimethylamine dehydrogenase is replaced by

Gln60 (identically positioned) in dimethylamine dehydrogenase.  Gln60 is

positioned so that it could make a hydrogen bond from the side chain amide

carbonyl to the NH hydrogen of dimethylamine.  Clearly then in dimethylamine

dehydrogenase, the substrate can only bind in a certain orientation (defined by the

hydrogen bond to the NH) unlike in the trimethylamine dehydrogenase, where the

substrate can bind in three different orientations.
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Trp355

Trp264

Tyr60

Figure 2.7.  Substrate binding bowl of trimethylamine dehydrogenase(109).
Coordinates for the drawing were taken from Brookhaven entry 2TMD.

2.2.  BACKGROUND: PREVIOUS STUDIES DIRECTED TOWARDS ALTERING THE
SUBSTRATE SELECTIVITY OF PLCBC

2.2.1.  Single-Site Mutagenesis Studies

Given their importance in biological systems, close examination of the

interactions between ammonium ions and proteins is an important and interesting

research area (Section 2.1.3).  Martin and coworkers noticed that the PLCBc

substrate binding pocket could perhaps serve as a valuable model for studying the

interactions of ammonium ions (especially primary ammonium ions) with amino

acid side chains (Section 2.1.3).  The structure of PLCBc complexed with a PC

derived inhibitor revealed that the head group binding pocket is formed by the
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side chains of residues Glu4, Tyr56, and Phe66 (Figure 2.3, Section 2.1.2).  Thus,

to study the function of these three side chains, a group of single mutants were

constructed by the Martin group in which residues 4, 56, and 66 were replaced by

site-directed mutagenesis (Table 2.1)(90).  The kinetic parameters kcat and KM for

each mutant toward dihexanoyl-sn-glycero-3-phosphocholine (C6PC),

dihexanoyl-sn-glycero-3-phosphoethanolamine (C6PE), and dihexanoyl-sn-

glycero-3-phospho-L-serine (C6PS) were determined (Figure 2.8) using

Michaelis-Menten kinetics.  Each of these compounds contains two fatty acid side

chains consisting of six, rather than 16–18 carbon atoms that are typically found

in the biological substrates of PLCBc.  These substrates were used for the kinetic

analyses because of their greater water solubility as compared to the natural

substrates.
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Figure 2.8.  Structures of the substrates used for kinetic analysis of the PLCBc
catalyzed reaction, C6PC, C6PE, and C6PS.

When residues Glu4, Tyr56 and Phe66 were varied via single-site

mutagenesis, the results showed that mutating Glu4 and Phe66 had significant

effects upon substrate specificity, whereas mutating Tyr56 resulted in more

modest changes (Table 2.1)(90).  For example, replacing the negatively charged

side chain of Glu4 with the isosteric but neutral side chain of Gln generated a

mutant (E4Q) with a higher specificity constant, kcat/KM, for C6PS and

significantly reduced specificity constants toward C6PC and C6PE.  The head

group of C6PS has a net neutral charge, while both C6PC and C6PE have a net

positive charge on their respective head groups.  Moreover, the results suggested



54

that having an aromatic residue at position 66 was important for significant

catalytic activity toward all substrates, but especially C6PC and C6PE.

Mutant
kcat

(s)-1

C6PC

KM

(mM)
C6PC

kcat/KM

(s·mM)-1

C6PC

kcat

(s)-1

C6PE

KM

(mM)
C6PE

kcat/KM

(s·mM)-1

C6PE

kcat

(s)-1

C6PS

KM

(mM)
C6PS

kcat/KM

(s·mM)-1

C6PS

E4L a a a 31 10 3 378 15 26

E4D 253 3 90 364 10 38 149 4 40

E4Q a a a 132 4 34 413 5 88

Y56A 136 3 44 283 5 59 31 3 12

Y56R 171 7 25 383 9 43 35 3 15

Y56W 454 5 101 272 5 51 26 13 2

F66A 5 2.5 2 9 1 9 3 3 1

F66R 2 4 0.6 6 4 2 1 3 1

F66W 2932 9 319 339 1 308 533 10 54

wt PLCBc 1000 2.4 417 540 1.8 300 210 4.5 47

Table 2.1. Specificity constants for Glu4, Tyr56, and Phe66 mutants and wt
PLCBc. Kinetic parameters for the substrates were measured by Hergenrother(90).
a.KM, which was estimated to be >15 mM, was too high to obtain accurate data for
either kcat or KM.

Examination of the data in Table 2.1 revealed that the kcat and KM values

for the hydrolyses of C6PC by PLCBc mutants E4L and E4Q could not be

determined.  The rate curve for these mutants remained linear even at substrate

concentrations nearly as high as the CMC value of C6PC (8.1 mM), which was

previously determined using an assay based on the inclusion of the dye 1-(2-
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pyridylazo)-2-naphthol into micelles as they were formed(90, 91).  As micelles

are formed, the PLCBc catalyzed reaction accelerates, and thus kinetic data must

be measured at substrate concentrations below their CMCs(93).  The KM values

of E4L and E4Q toward C6PC were thus estimated to be greater than 15 mM.

2.2.2.  Random, Region-Specific Mutagenesis of Residues 4, 56, and 66

The rational single-site mutagenesis of residues Glu4, Tyr56, and Phe66

resulted in only modest specificity changes (Table 2.1), perhaps because the

complex dynamics of the enzyme’s active site make it difficult to redesign

rationally the choline binding pocket.  In the second generation studies by the

Martin group, codons 4, 56, and 66 of plcBc were simultaneously replaced by any

amino acid in a random fashion, and a library of PLCBc variants was generated

via region-specific, random mutagenesis (Chapter 1) in order to obtain more

selective PLCBc variants.  Martin and coworkers set out to identify PLCBc

mutants that would have 10-fold higher specificity constants, kcat/KM toward one

of the three water soluble substrates, C6PC, C6PE, or C6PS, than toward the other

two substrates.  In the course of this work, Martin and Hergenrother developed

useful methods for random, region-specific mutagenesis of the plcBc gene(92) and

for screening of the PLCBc variants(91).

Generation of the Mutagenic PLCBc Library via Region-Specific, Random

Mutagenesis

The process of generating PLCBc variants with random substitutions at

sites 4, 56, and 66 was developed by Martin and Hergenrother.  The protocol
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began with the “mega-primer” mutagenesis strategy that required a sequence of

two separate PCR experiments in which the purified wt plcBc plasmid was used as

template.  In the first reaction, a forward primer containing a randomized codon at

position 4 and a backward primer containing randomized codons at positions 56

and 66 were employed to generate a mega-primer, a double stranded piece of

DNA corresponding to approximately residues 1–72 of the plcBc gene and

containing random codons at positions 4, 56, and 66 (Figure 2.9).  The requisite

primers for the first PCR step were designed so that the first two nucleotides of

the desired codons contained a statistical mixture of C, G, A, or T, while the third

codon was either C or G.  This common tactic removes some of the degeneracy of

the genetic code and increases the probability that rarely encoded amino acids,

such as tryptophan, will appear in the mutants.  The mega-primer from the first

PCR step was used as the forward primer in the second PCR experiment with a

nonmutagenic backward primer to yield plcBc genes with random codons at

position 4, 56, and 66.
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Figure 2.9.  Mega-primer mutagenesis method.  The Eag1 cleavage site was just
upstream from the plcBc gene and and Pst1 cleavage site was  ~70 nucleotides
downstream from the plcBc gene.  Arrows indicate primers.

After the creation of the plcBc genes with random mutations at sites 4, 56,

and 66, they were cloned back into the original pMal-plc vector lacking the wt

plcBc gene.  The original wt gene was removed from the pMal-plc vector using

restriction enzymes Eag1 and Pst1 on the original vector to cleave out the wt

plcBc.   The mutagenic plcBc gene product from the second PCR (insert) was

treated with the same restriction enzymes so the cut vector and insert would have

complementary ends.  The vector and insert were purified by agarose gel elution
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and ligated, and the resulting plasmid containing the mutagenic plcBc gene was

transformed into D5H_ E. coli cells.

Screening the Library

Martin and Hergenrother developed methods for identifying active and

selective PLCBc variants from the mutagenic PLCBc libarary.  In the first step of

the screen (see Figure 2.10), the individual mutant colonies were resuspended in a

low salt buffer in the wells of a 96-well plate.  A cocktail of trypsin, alkaline

phosphatase, and the appropriate phospholipid substrate (C6PC, C6PE, or C6PS)

was then added to each of the wells (Step 1).  The cells lysed releasing some

MBP-PLCBc, perhaps from the periplasmic space, to the buffer solution.  The

full-length PLCBc mutant was then released by cleaving the fusion protein with

trypsin (Step 2).  If the resulting mutant enzyme was active, it would hydrolyze

the C6PC, C6PE, or C6PS that was present, thereby producing DAG and the

corresponding phosphorylated head group (Step 3).  The phosphorylated head

group in turn was immediately hydrolyzed by alkaline phosphatase to give

inorganic phosphate (Pi) and an alcohol (Step 4).  Solutions of ammonium

molybdate and ascorbic acid were then added, and the wells containing active

mutants for C6PC, C6PE, or C6PE were identified based upon the appearance of

blue color that resulted from formation of a molybdate-Pi complex; the

approximate amount of phosphate produced was determined by absorbance

measurements at 700 nm (Figure 2.11).
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Figure 2.10.  Schematic of the screen.  Step 1.  Cells lyse releasing fusion protein.
Step 2.  Trypsin cuts fusion protein, releasing wt or mutant PLCBc. Step 3.  If the
mutant is active, it cleaves its substrate.  Step 4.  Alkaline phosphatase generates
inorganic phosphate (PO4-2) from any product of the PLCBc reaction.
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Figure 2.11.  Reaction sequence for the chromogenic assay for the detection of
Pi.

Demonstrating the effectiveness of these methods, Martin and

Hergenrother screened approximately 2000 PLCBc variants and identified six

enzymes that preferred either C6PE or C6PS over C6PC (Table 2.2).  It was

notable that none of the mutants in Table 2.2 had an aromatic residue at position

66.  Based on the results of the single-site mutagenesis experiments (Section

2.2.1), an aromatic residue at position 66 appears to be critical for significant

PLCBc activity, and the fact that none of these mutants with low specificity

constants contained an aromatic side chain at position 66 gave rise to this

hypothesis.  It is difficult to make conclusions about structure/function

relationships involving the PLCBc substrate binding pocket based on these data

(Table 2.2), because the specificity constants of these mutants toward the three
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substrates were significantly lower than those of wt PLCBc, reflecting great losses

in absolute activities.  Thus, correlating the small changes in selectivities to

structures of the mutants while ignoring the larger and probably more significant

changes in absolute values of the specificity constants would be a mistake.  With

these results in mind, we were hopeful that more active and selective PLCBc

variants could be engineered by screening a larger pool of mutants and using

more stringent criteria for the selecting active variants.

Mutant
kcat

(s)-1

C6PC

KM

(mM)
C6PC

kcat/KM

(s·mM)-1

C6PC

kcat

(s)-1

C6PE

KM

(mM)
C6PE

kcat/KM

(s·mM)-1

C6PE

kcat

(s)-1

C6PS

KM

(mM)
C6PS

kcat/KM

(s·mM)-1

C6PS
E4K/
Y56V 0.09 1.1 0.08 2.43 1.5 1.6 10.0 3.0 3.3

E4V/
Y56T/
F66H

0.34 2.9 0.1 12.4 1.7 7.4 1.4 3.0 0.4

E4G/
Y56I/
F66N

1.95 2.4 0.8 9.15 0.4 24.4 7.40 3.7 2.0

E4S/
Y56T/
F66T

0.30 1.0 0.3 4.88 7.4 0.3 1.43 9.3 0.15

E4P/
Y56R/
F66A

0.03 1.0 0.03 1.13 0.9 1.3 4.4 4.9 0.9

E4R/
Y56S 5.44 0.9 5.8 9.20 1.0 9.2 93.6 9.8 9.6

wt PLCBc 1000 2.4 417 540 1.8 300 210 4.5 47

Table 2.2.  Specificity constants for double and triple mutants at the PLCBc
choline binding site from study performed previously by the Martin group(92).
The specificity constants were obtained by Michaelis-Menten kinetic
analysis(92).
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2.3 GOALS FOR CONTINUING STUDIES TOWARD ALTERING THE SUBSTRATE
SELECTIVITY OF PLCBC

The previously performed single-site (Section 2.2.1)(90) and random,

region-specific mutagenesis studies of PLCBc (Section 2.2.2)(92) were successful

in generating PLCBc mutants with altered selectivities toward C6PC, C6PE, and

C6PS. These investigations clearly demonstrated the utility of the new

mutagenesis and screening protocols developed by the Martin group.  However,

PLCBc mutants that had both high selectivities and activities of similar magnitude

to wt PLCBc had not been identified.  Furthermore, the mutagenesis procedure

was only intermittently reproducible, and the kinetic analysis suffered from rate

curves that could not be accurately fit to the Michaelis-Menten equation (Section

2.2.1).  Hence, several aspects of the project remained to be addressed, and we

chose to focus on the following topics: Firstly, we made adjustments to the

mutagenesis procedure to make it more reproducible and to reduce wt

contamination in the resulting mutagenic PLCBc libraries.  Secondly, hoping to be

able to screen larger mutagenic PLCBc libraries, we attempted to develop a

protocol to monitor PLCBc activity directly on agar plates.  Thirdly, to tackle

concerns about the accuracy of the existing kinetic analysis (Section 2.2.1), the

protocol for determining the specificity constants of the PLCBc mutants was

modified, allowing for the determination of rate curves at very low substrate

concentrations that were much below the CMCs.  Finally, we wished to identify

mutations in the PLCBc head group binding site that would result in mutants

having altered selectivity profiles while retaining specificity constants comparable
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magnitudes to those of wt PLCBc by screening a larger pool of mutants and using

more stringent criteria for the selection of active variants (Section 2.4.2).

2.4. RESULTS AND DISCUSSION

2.4.1 Modifications to Mutagenesis, Screening Protocols, and Kinetic
Analysis

Modifications to mutagenesis prodecure

We were concerned that the wt contamination in the final mutagenic

PLCBc library originated from a poor separation of the intact, circular vector from

the doubly cut, linear vector after the restriction reaction (Section 2.2.2)  In order

to avoid wt contamination in the final library, the conditions for the restriction

reaction had to be optimized by adjusting the concentration of vector and the

restriction enzymes and the duration of the reaction (see Chapter 4 for details).

Once the restriction reaction was optimized, less uncut, circular vector remained

after restriction, and purification of the doubly cut, linear vector by agarose gel

was feasible.  We also modified the gel purification protocol.  The concentration

of restriction product and the conditions for running the gel (time, voltage, and

%agarose) were adjusted in order to maximize the separation between any

remaining uncut vector (which would result in wt contamination in the final

library) and the desired vector that was missing the insert.  We also determined

that the success of the ligation reaction was dependent on not only the relative but

also the absolute concentrations of the vector and insert in the ligation reaction.

To be able to obtain the vector and insert at sufficient concentrations, we added an

ethanol precipitation step to follow the gel purification of the vector and insert.
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We also added an ethanol purification step to concentrate the product of the

ligation, because we found that the concentration of DNA was important for the

success of the transformation into E. coli. cells.  These protocols are described in

detail in Chapter 4.

Attempts to improve the screen

We were apprehensive about the limited number of colonies that could be

examined using our current screening protocol.  The number of colonies that must

be screened to attain a particular confidence level that all possible amino acid

combinations at sites 4, 56, and 66 are examined was determined by a statistical

analysis performed by Professor Barbara Plake (University of Nebraska at

Lincoln).  Using the mega-primer protocol described above (Section 2.2.2), the

number of possible unique DNA sequences n is (4•4•2)3 = 32,768, and the

number of transformant colonies that constitute the mean of a normal distribution

can be estimated as nln(n), or 340,696 colonies. Hence the number of colonies

that would have to be screened to attain a 90% confidence level that all possible

combinations at sites 4, 56, and 66 were examined is given by the expression

nln(n) + 1.29{n[1.65n-ln(n)]}1/2 or 394,988 colonies.  Given the practical

limitations of our 96-well plate based screen, it was too time-consuming to screen

nearly 400,000 colonies without the use of robots.

In order to be able to screen a larger library of PLCBc mutants, a protocol

to monitor PLCBc activity more efficiently was necessary.  We attempted to

develop a nitrocellulose replica assay for quickly determining the activities of

PLCBc mutants.  Two agarose plates with E. coli colonies, one containing the wt
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PLCBc and the other the inactive PLCBc mutant D55L, were prepared.  The D55L

mutant with low activity toward the substrates C6PC, C6PE, and C6PS was

expected to yield no color change and served as a control.  A butterfly membrane

(Schleicher and Schuell) was lowered to make contact with the colonies and the

agarose and carefully lifted and placed (colonies facing down) onto an LBamp

agarose plate with IPTG to induce protein expression.  The membranes were

exposed to chloroform and subsequently treated with a solution of trypsin and

alkaline phosphatase in order to cleave any MBP-PLCBc fusion protein and to

convert any products of the PLCBc (wt or D55L) catalyzed hydrolysis to inorganic

phosphate.  Any inorganic phosphate was converted to a blue molybdenum

complex for detection by the chromogenic assay using the solutions that were

previously described (Section 2.2.2).  Each membrane was then dried and

inspected for color changes.  As we had hoped, the wt PLCBc colonies turned

blue, and the D55L colonies remained off-white, however, the colonies smeared

badly.  This assay showed promise, but the smearing of the colonies made it

difficult to correlate the locations of the colored dots on the nitrocellulose

membrane with the colonies on the original agarose plate.

The results of the nitrocellulose assay were promising, but we realized that

an assay that allowed for a color change to be observed directly on the agarose

plates would be preferable.  Since the PLCBc catalyzed reaction yields an acidic

product (Figure 2.2), the possibility of observing PLCBc activity on an agarose

plate containing an indicator dye was explored.  Agar plates with ampicillin,

C6PC, and various dyes, such as bromophenol blue and alizarin, were prepared.
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The plates were first tested for color changes using dilute acids, and only the

bromophenol blue plates showed a blue to yellow color change upon dropwise

addition of dilute hydrochloric or acetic acid.  PLCBc and E. coli cells were

streaked onto these plates, and they were exposed to chloroform for 2 min in

order to disrupt the cell membrane and allow PLCBc to be released from inside the

cell.  A trypsin solution was spread onto the plates to cleave the maltose binding

protein fusion construct.  Unfortunately no color change was observed on the

PLCBc plates upon addition of trypsin, and this screening method was abandoned.

Modifications to the kinetic analysis

The difficulty of establishing accurate kinetic constants for the single-site

PLCBc mutants (Section 2.2.1) reflected a general problem associated with using

the Michalis-Menten equation for obtaining kcat and KM values for PLCBc

catalyzed hydrolysis.  The rate curves of many PLCBc mutants remained nearly

linear even at substrate concentrations close to the CMCs of the substrates (C6PC,

CMC = 8.1 mM; C6PE, CMC = 7.0 mM; C6PS, CMC = 12.5 mM).  An example

of such a rate curve is shown on the right side of Figure 2.12.  For PLCBc mutants

exhibiting rate curves of this nature, initial rate data could not be collected at

saturating substrate concentrations and Vmax could not be determined.  The rate

curves of other PLCBc mutants had a parabolic shape.  An example of such a rate

curve is shown on the left side of Figure 2.12.  Parabolic rate curves may indicate

that contributions to the observed enzymatic activity arose from premicellular

aggregates.  Even if it was technically possible to fit such initial velocity versus

substrate concentration data as described above to the Michaelis-Menten equation,
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the kcat and KM values obtained were likely to be inaccurate.  Clearly an improved

approach for determining the specificity constants of PLCBc enzymes was needed.

vint =
Vmax • S[ ]
kM + S[ ]

+ c  Equation 2.1
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Figure 2.12.  On the left, data for the initial velocity of E4G versus concentration
of C6PC, and on the right, initial velocity of E4Q/Y56T versus the concentration
of C6PS are shown.

Consequently, in our most recent studies, the initial velocity data for the

various mutants was measured at low concentrations (ca. 0.02–1.0 mM) of the

relevant substrate, and the specificity constants shown in Table 2.4 (Section 2.4)

were obtained from Equation 2.1 by the limiting slope of the concentration

dependence of the initial rate where [S] << KM (See example in Figure 2.13). The

specificity constants determined in this study for the hydrolytic cleavage of C6PC

(113 mM-1s-1), C6PE (80 mM-1s-1), and C6PS (12 mM-1s-1) by wt were about

one-third those obtained previously [C6PC (417 mM-1s-1); C6PE (300 mM-1s-1);
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C6PS (47 mM-1s-1)](91), but the ratios of the specificity constants obtained by the

two methods were identical (C6PE/C6PC = 0.7 and C6PS/C6PC = 0.1).

Figure 2.13.  Data from kinetic analysis is shown for the initial velocity of PLCBc
mutant E4Q/Y56T versus concentration of C6PS.

2.4.2 Identification of PLCBc Mutants with Both Altered Selectivity Profiles
and High Activities

In order to identify mutations in the head group binding site that resulted

in both altered selectivity profiles and specificity constants of comparable

magnitudes to those of wt PLCBc, a PLCBc library consisting of 4000 mutants was

generated (Sections 2.2.2 and 2.4.1).  Mutants having desirable activity/selectivity

profiles toward the three water-soluble substrates C6PC, C6PE, or C6PS were

identified by the chromogenic, enzyme coupled screen (Section 2.2.2)(91).
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During a typical screen, fewer than 2% of the wells had an absorbance at 700 nm

(A700) greater than approximately 0.2 (background level) for only one of the three

substrates.

Thirty selective mutants were eventually isolated from the recombinant

library of about 4000 independent transformants.  Ten of these mutants were

confirmed to be active and preferably hydrolyze C6PE or C6PS over C6PC in a

second screen in which eight colonies of each clone were tested in 96-well plates

according to the protocol described previously (Figure 2.10).  The plasmids

coding for the active and selective variants were purified and sequenced (Table

2.3) in order to determine the substitutions at sites 4, 56, and 66 and to confirm

that the variants were free of extraneous mutations.  The chosen variants were

then purified to homogeneity as determined by SDS PAGE gel electrophoresis

and stored at 4 ºC. The specificity constants, kcat/KM, toward C6PC, C6PE, and

C6PS were determined by steady state kinetics within five days of purification to

prevent loss of enzymatic activity (Section 2.4.1) (Table 2.4).  One single mutant,

three double mutants and six triple mutants were isolated and identified as having

significant substrate preference (at least a three-fold preference toward one

substrate over the others) and catalytic activity (kcat/KM  > 2 mM-1 s-1).
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Mutant PLC Position 4 Position 56 Position 66
wt
E4G
E4Q/Y56T/F66Y
E4P/Y56S/F66N
E4R/Y56S/F66N
E4D/Y56D/F66N
E4G/Y56T/F66N
Y56L/ F66L
E4G/Y56I/F66N
Y56T/F66P

GAG
GGC
CAG
CCC
AGG
GAC
GGC
GAG
GGG
GAG

TAT
TAT
ACC
TCC
TCC
GAC
ACC
TTG
ATC
ACC

TTT
TTT
TAC
AAC
AAC
AAC
AAC
CTC
AAC
CCG

Table 2.3. Sequences for codons 4, 56, and 66 in wt PLCBc and mutants
identified from screening the PLCBc library.

Specificity Constants (kcat/KM) (mM-1s-1) C6PE/C6PCa C6PS/C6PCa

                                C6PC       C6PE       C6PS Preference Preference
wt
E4G
E4K/Y56V
Y56L/F66L
Y56T/F66P
E4Q/Y56T/F66Y
E4P/Y56S/F66N
E4R/Y56S/F66N
E4D/Y56D/F66N
E4G/Y56T/F66N
E4G/Y56I/F66N

113.0
12.5
1.2
0.1
0.3
7.1
0.3
0.2
0.2
0.9
0.2

80.2
1.7
1.4
2.9
2.2
15.8
1.5
1.4
3.2
3.1
0.9

11.5
40.4
21.6
0.1
0.25
30.9
5.8
4.2
0.5
2.3
2.3

0.7
0.2
1.2
29.0
7.3
2.2
5.0
7.0
16.0
3.4
4.5

0.1
3.2
18
1.0
0.8
4.4
19.0
21.0
2.5
2.6
11.5

Table 2.4.  Specificity Constants (kcat/KM) (mM-1s-1) of mutants and wt PLCBc.
Values represent the mean of at least two independent measurements.
aPreference values represent the ratios of specificity constants and are equal to
((kcat/KM) for C6PE or C6PS)/((kcat/KM) for C6PC).
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Figure 2.14.  Specificity constants of wt PLCBc and PLCBc mutants identified by
random region-specific mutagenesis.

2.4.2.1 C6PE Selective Mutants

The four mutants Y56L/F66L, Y56T/F66P, E4D/Y56D/F66N, and

E4G/Y56T/ F66N all exhibit PE selectivity, although each of these mutants has a

lower specificity constant toward C6PE than wt (Table 2.4).  This observation is

perhaps not surprising because the head groups of C6PC and C6PE are similar,

and mutant proteins that efficiently cleave C6PE may also readily cleave C6PC.

Hence, the more active PE mutants might have been discarded as nonselective in

the screening process.  None of the C6PE selective variants isolated in this study

have an aromatic residue at position 66, a fact that may help explain their low

catalytic activities(90).  Indeed the low catalytic activities of all of the C6PE

selective mutants renders making conclusions regarding the basis for the observed
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selectivity somewhat problematic.  However, it may be significant that three

C6PE selective clones have a negatively charged residue at position 4, which may

help stabilize the positive charge on the ammonium ion of the ethanolamine head

group.

2.4.2.2 C6PS Selective Mutant Enzymes

Six C6PS selective clones were isolated and identified as E4G,

E4K/Y56V, E4Q/Y56T/F66Y, E4P/Y56S/F66N, E4R/Y56S/F66N, and

E4G/Y56I/F66N.  The PLCBc variant E4K/Y56V was isolated at two separate

times, once during an investigation performed by Hergenrother, and once during

this study.  It is noteworthy that E4G, E4K/Y56V, and E4Q/Y56T/F66Y have 4-,

2- and 3-fold higher specificity constants respectively toward C6PS than wt

(Table 2.4).  Perhaps even more impressive is that the ratios of the relevant

specificity constants of these mutants indicate they exhibit corresponding 32-,

180-, and 44-fold higher C6PS/C6PC preferences than wt in the hydrolysis

reaction.  These mutants are clearly superior to wt for the hydrolysis of C6PS.

Like wt, each of these three active mutants possesses an aromatic residue at

position 66.  However, unlike wt that has a negatively charged Glu at position 4,

the C6PS selective variants have either a neutral or positively charged residue at

this site.  Thus, based upon the available data, it appears that a neutral or

positively charged residue at position four favors hydrolysis of C6PS with its

zwitterionic head group over hydrolysis of C6PC and C6PE, each of which have

positively charged ammonium ions in their head groups.
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The kcat and KM values for the two variants having the highest specificity

constants for C6PS, E4G and E4Q/Y56T/F66Y, were further examined by fitting

the initial velocity and substrate concentration data into the Michalis-Menten

equation using the old method of kinetic analysis (See Equation 2.1).  The

available results suggest that the changes in specificity constants are due to

changes in both KM and k cat (Table 2.5).  For several enzyme-substrate

combinations, kcat and KM values could not be obtained for the same reasons as

described above (Sections 2.2.1 and 2.4.1) and the accuracy of these data are not

clear.  This result reiterates that kinetic analysis on this system can often not be

performed at sufficiently high substrate concentrations to fit the data into a

Michaelis-Menten equation because of the low CMCs and solubilities of the

substrates.

wt E4G E4Q/Y56T/
F66Y

C6PC kcat (s-1)
C6PE
C6PS

1000
538
207

NA
63.3
328

NA
72.9
NA

C6PC KM (mM)
C6PE
C6PS

2.4
1.8
4.5

NA
5.1
10

NA
3.3
NA

C6PC kcat / KM (s-1mM-1  )
C6PE
C6PS

417
300
47

NA
12.4
33

NA
22.1
NA

Table 2.5.  Kinetic parameters for wt PLCBc and E4G and E4Q/Y56T/F66Y
mutants obtained by fitting kinetic data into the Michalis-Menten equation.
Values represent the mean of at least two independent measurements.  Some of
the constants could not be obtained because maximum velocity was not reached at
concentrations below the CMC.  NA indicates that the data point could not be
determined.
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2.4.3 Results from Rational Reinsertion Mutagenesis

  In the case of single mutants, a specific amino acid replacement can be

directly correlated with the altered selectivity profile.  On the contrary, it is not

clear which mutation(s) is/are responsible for the altered specificities of the

double and triple mutants.  Hence, rational, site-directed mutagenesis of residues

4, 56, and 66 to reinsert wt residues back into these positions of the PLCBc

variants was undertaken in order to generate two new families of mutant PLCBcs.

Complementary primers containing the requisite mutations were used to amplify

the entire expression plasmid pMal-plc to provide the desired single- and double-

site mutations.  Restriction enzyme Dpn I was added to digest and thus remove

the parental supercoiled, doublestranded DNA.  The remaining product was

analyzed by agarose gel electroporesis to verify that the expected 7.4 Kb product

had been formed.  The mutant pMal-plc plasmid was transformed into E. coli

cells, the coded PLCBc mutant was expressed and purified, and kinetic analysis

was performed.

2.4.3.1 Reinsertion of Wt Residues into PLCBc Mutants E4K/Y56T and
E4Q/Y56T/F66Y

In order to probe the effect of each individual mutation upon substrate

specificity, the corresponding wt residues were singly reinserted back into the

E4K/Y56V and E4Q/Y56T/F66Y mutants via site-directed mutagenesis (Figure

2.15)(117). These enzymes were purified, and their specificity constants toward

C6PC, C6PE, and C6PS were determined as described previously (Tables 2.6 and

2.7).
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E4Q/Y56T

E4Q/F66Y

Y56T/F66Y

E4Q

Y56T

F66Y

Y56V

E4K

Double or 
Triple Mutant

New FamilyWild type

E4K/Y56V

E4Q/Y56T/F66Y

Wt=E4/Y56/F66

Wt=E4/Y56/F66

Figure 2.15. Reinsertion of wt residues into PLCBc mutants E4K/Y56V and
E4Q/Y56T/F66Y.

Specificity Constants (kcat/KM) (mM-1s-1) C6PE/
C6PCa

C6PS/
C6PCa

                            C6PC              C6PE            C6PS Preference Preference
Wt
E4K
Y56V
E4K/Y56V

113.0
4.7
38.4
1.2

80.2
5.3

115.0
1.4

11.5
34.3
17.3
21.6

0.7
1.1
3.0
1.2

0.1
7.3
0.5
18.0

Table 2.6.  Specificity constants of combinations of E4K/Y56V and wt from the
resinsertion study.  Values represent E4Q/Y56T/F66Y the mean of at least two
independent measurements.  aPreference values represent the ratios of specificity
constants and are equal to ((kcat/KM) for C6PE or C6PS)/((kcat/KM) for C6PC).
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Figure 2.16.  Specificity constants of combinations of E4K/Y56V and wt from
the resinsertion study.

The specificity constants of mutants obtained by reinsertion of wt residues

into the C6PS selective double mutant E4K/Y56V are presented in Table 2.6.

Examination of these data reveals that replacing Glu4 by Lys yields a mutant,

which relative to wt, has significantly lower specificity constants toward C6PC

and C6PE but an increased specificity constant toward C6PS.  Hence this

replacement alone results in a C6PS selective enzyme.  Because the activity

profile of E4K is very similar to E4K/Y56V, the altered selectivity of PLCBc

mutant E4K/Y56V appears to arise largely from replacing the negatively charged

Glu4 with a positively charged Lys, and the Y56V replacement has little effect on

the substrate selectivity.  This observation lends some support to the possibility

that C6PS selective enzymes may be favored by the presence of a positively
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charged residue in the head group binding pocket.  Furthermore, the single

replacement of wt Tyr56 with Val gives a C6PE preferring enzyme (Y56V) that

exhibits 3-fold lower activity toward C6PC than wt with little corresponding

change in activity toward C6PE and C6PS.  Y56A has a similar activity profile as

Y56V (unpublished results), demonstrating that a residue bearing an aromatic or

an alcohol moiety at position 56 in the PLCBc substrate binding pocket is not an

absolute requirement for activity toward C6PE or C6PS.

Specificity Constants (kcat/KM) (mM-1s-1) C6PE/
C6PCa

C6PS/
C6PCa

                                         C6PC        C6PE         C6PS Preference Preference

wt
F66Y
Y56T
E4Q
E4Q/F66Y
Y56T/F66Y
E4Q/Y56T
E4Q/Y56T/F66Y

113.0
126.1
55.3
57.3
78.5
19.6
12.0
7.1

80.2
157.9
151.8
26.8
44.3
88.1
17.0
15.8

11.5
15.9
28.1
66.6
109.1
18.0
45.4
30.9

0.7
1.3
2.7
0.5
0.6
4.5
1.4
2.2

0.1
0.1
0.5
1.1
1.4
0.9
3.8
4.4

Table 2.7.  Specificity constants for the mutants from resinsertion study where a
family of mutants representing the combinations of E4Q/Y56T/F66Y and wt were
generated.  Values represent E4Q/Y56T/F66Y the mean of at least two
independent measurements.  aPreference values represent the ratios of specificity
constants and are equal to ((kcat/KM) for C6PE or C6PS)/((kcat/KM) for C6PC).
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Figure 2.17.  Specificity constants for the PLCBc mutants representing the
combinations of E4Q/Y56T/F66Y and wt.

The specificity constants of mutants obtained by reinsertion of wt residues

into the triple mutant E4Q/Y56T/F66Y are summarized in Table 2.7.  The data

show that replacing Phe66 of wt PLCBc and of the mutants Y56T, E4Q, and

E4Q/Y56T with Tyr has only a small impact on substrate specificity and activity.

Hence, the F66Y replacement does not appear to contribute substantially to the

altered selectivity pattern of the C6PS selective mutant E4Q/Y56T/F66Y (Table

2.7).  Conversely, the replacement of the negatively charged Glu4 by neutral Gln

in wt and in the mutants Y56T, F66Y, and Y56T/F66Y produced a significant

change in selectivity.  For example, the specificity constants of E4Q are about 6-

fold higher than wt toward C6PS and 2–3-fold lower than wt toward C6PC and

C6PE, thereby resulting in a noticeably altered selectivity pattern. Upon
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replacement of Glu4 by Gln in each mutant Y56T, F66Y, and Y56T/F66Y, the

specificity constants toward C6PS, C6PE and C6PC change in a similar manner to

give new mutants (E4Q/Y56T, E4Q/F66Y, and E4Q/Y56T/F66Y) that are

selective for C6PS.  Substituting Tyr56 with Thr in wt and in the F66Y, E4Q, and

E4Q/F66Y mutants to give the mutants Y56T, Y56T/F66Y, E4Q/Y56T, and

E4Q/Y56T/F66Y results in lowering the specificity constants toward C6PC by 2-

11 fold and increasing the C6PE/C6PC preference by at least 3 fold.

Based upon these data, the C6PS selectivity of E4Q/Y56T/F66Y appears

to derive primarily from the two replacements of Glu4 with Gln and Tyr56 with

Thr. The E4Q mutation decreases activity toward C6PC and C6PE, while

increasing activity toward C6PS.  The Y56T mutation further decreases activity

toward C6PC, resulting in increased C6PE/C6PC and C6PS/C6PC preferences.

Replacing Tyr56 with Ser in wt and several mutants has a similar impact.  The

presence of an aromatic side chain at position 56 does not appear essential to

maintain high specificity constants toward C6PE or C6PS.  The effect of

substituting Glu4 with Gln suggests that a neutral, polar residue at the 4 position

of head group binding pocket of PLCBc leads to decreased activity toward

substrates having positively charged head groups (i.e., choline and ethanolamine)

and increased activity toward the zwitterionic serine head group.

The advantage of mutating the three residues at positions 4, 56, and 66 of

PLCBc combinatorially (all three sites at once) rather than singly (one site at a

time) to generate selective mutants is evidenced by the identification of the C6PS-

preferring double and triple mutants E4K/Y56V and E4Q/Y56T/F66Y.  Not only
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did each of these mutants exhibit a high preference for C6PS, but the specificity

constant for C6PS of each was significantly larger than wt.  These mutants were

thus highly efficient catalysts. The subsequent step of using site directed

mutagenesis to reinsert wt residues back into the multiple mutants produced by

the combinatorial replacement of these residues was obviously informative.  For

example, reinserting Glu4 and Tyr56 into the C6PS selective double mutant

E4K/Y56V gave the C6PS selective mutant E4K and the C6PE selective mutant

Y56V.  Similarly, reinserting Glu4, Tyr56, and Phe66 into the C6PS selective

triple mutant E4Q/Y56T/F66Y gave the C6PS selective double mutants

E4Q/Y56T and E4Q/F66Y, the C6PE selective double mutant Y56T/F66Y, the

C6PE selective single mutants F66Y and Y56T, and the C6PS selective single

mutant E4Q.  These mutants generally exhibited higher specificity constants

toward their preferred substrates than wt and thus maintained high catalytic

efficiencies.

It is significant that the multiple mutants invariably exhibited higher

substrate selectivities toward their preferred substrates than the single mutants that

could also have been produced by saturation mutagenesis.  Indeed, single amino

acid replacements have not thus far produced mutants having comparably large

differences in substrate specificity profiles and high specificity constants for a

single substrate(90).  Comparing the specificity constants for the various mutants

also suggests, perhaps not surprisingly, that specificity profiles of mutants having

multiple amino acid substitutions cannot be accurately predicted from the

specificity profiles of the respective single mutants.  Rather, the effects of
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individual mutations at sites 4, 56, and 66 on substrate selectivity are dependent

upon the identity of the other residues at these sites.  The chemical environment in

the substrate binding pocket determines the selectivity of PLCBc, and the effects

of a given single mutation upon substrate selectivity depend on the nature of the

chemical environment made up by residues 4, 56, and 66.

2.4.3.2 Insertion of Nonaromatic Residues at Position 56 of PLCBc

The high specificity constants of Y56T and Y56V toward C6PE and C6PS

(Tables 2.6 and 2.7) indicate than an aromatic residue at position 56 is not an

absolute requirement for hydrolysis of C6PE or C6PS by PLCBc.  However, the

specificity constants of both PLCBc mutants toward C6PC are lower than wt.  The

C6PS selective mutants E4P/Y56S/F66N and E4R/Y56S/F66N (Table 2.4) show

approximately 50% lower selectivity constants toward C6PS than wt, but the

C6PS/C6PC preferences in the cleavage reaction are 190 and 210 fold higher than

wt, respectively.  We considered it interesting that five of the six C6PS selective

clones (E4G, E4Q/Y56T/F66Y, E4P/Y56S/F66N, and E4R/Y56S/F66N) contain

a residue (i.e., Tyr, Thr or Ser) having a hydroxyl group in the side chain at

position 56.  However, because these side chains have very different electronic

and steric properties, attaching any significance to this observation would be

speculative.

We consequently decided to employ site-directed mutagenesis to place

different hydroxyl moieties (Tyr, Thr, or Ser) at position 56 of some of the most

active PLCBc mutants (wt and E4Q/Y56T/F66Y and E4G) in order to further

examine this effect.  Table 2.8 shows that replacement of Y56 in wt and
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E4Q/F66Y by S or T decreases activity toward C6PC, an effect similar to that

observed with the different combinations of E4Q/Y56T/F66Y and wt.  In wt, the

activity toward the other two substrates is maintained upon replacement of Y56

by T or S.  Without structural data it would be unwise to speculate about the basis

for these changes in selectivity.

Specificity Constants (kcat/KM) (mM-1s-1) C6PE/
C6PCa

C6PS/
C6PCa

                                   C6PC      C6PE      C6PS Preference Preference
Wt
Y56T
Y56S
E4Q/F66Y
E4Q/Y56T/F66Y
E4Q/Y56S/F66Y
E4G
E4G/Y56T

113.0
55

23.3
78.5
7.1
6.5

12.5
15.8

80.2
151.8

97
44.3
15.8
1.5
1.7

21.6

    11.5
    28.1
    9.8
  109.1
   30.9
   13.6
   40.4
   58.1

0.7
2.7
4.2
1.4
2.2
0.2
0.1
1.4

0.1
0.5
0.4
0.6
4.4
2.1
3.2
3.7

Table 2.8.  Specificity Constants of PLCBc mutants where Tyr, Ser, or Thr was
placed in position 56.  Values represent the mean of at least two independent
measurements.  aPreference values represent the ratios of specificity constants and
are equal to ((kcat/KM) for C6PE or C6PS)/((kcat/KM) for C6PC).
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Figure 2.18.  Comparison of the specificity constants of PLCBc mutants where
Tyr, Ser, or Thr was placed in position 56 of selected PLCBc variants and wt.

2.4.4 Conclusion of the Results from Altering the Substrate Selectivity of
PLCBc via Mutagenesis of Residues 4, 56, and 66

Modifying the substrate specificity and catalytic activity of enzymes to

produce novel catalysts is one of the central goals of protein engineering.  In this

context, we created a library of approximately 4000 PLCBc mutants containing

random permutations of the Glu4, Tyr56, and Phe66 residues. The members of

this library were screened for hydrolytic activity toward the water soluble

substrates C6PC, C6PE, and C6PS.  The screening assay was performed in a 96-

well format and featured the in situ cleavage of the MBP fusion protein to release

the mutant PLCBcs, and the active mutants were identified using a coupled

enzyme assay.  Significantly, this process should be readily adapted to other
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enzymes that are normally expressed as fusion proteins, although further

improvements will be required to screen larger libraries.

Ten variants, six of which were triple mutants, of PLCBc were identified in

the preliminary screen, and comparison of their specificity constants, kcat/KM,

(Table 2.4) with those of wt revealed that they had significantly altered

selectivities. Of these ten mutants, the three C6PS selective mutants E4G,

E4K/Y56V and E4Q/Y56T/F66Y were highly active and exhibited specificity

constants greater than wt.  A second round of studies was then performed in

which the corresponding wt residues were singly reinserted back into E4K/Y56V

and E4Q/Y56T/F66Y mutants using site directed mutagenesis.  In this manner,

the C6PS selective (E4K, E4Q, E4Q/Y56T and E4Q/F66Y) and C6PE selective

(Y56V, Y56T, F66Y, and Y56T/F66Y) mutants were identified, and each of these

exhibited specificity constants (Tables 2.6 and 2.7) for their preferred substrates

that were higher than wt.  Significantly, the double and triple mutants uniformly

had higher substrate preferences than the single mutants, thereby illustrating the

advantage of randomly mutating all three binding pocket residues in a

combinatorial fashion rather than singly mutating these residues by saturation

mutagenesis.  Comparing the substrate preferences of single mutants with those of

multiple mutants reveals that the effects of individual mutations depend upon the

nature of the other residues in the binding pocket.

Because of the relatively small library size in this study, one must exert

extreme caution in making general observations. Given this important caveat, a

few comments are nonetheless appropriate.  All C6PC and C6PE selective
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enzymes have a negatively charged Glu or Asp at position 4.  It therefore seems

likely that the hydrolysis of both C6PC and C6PE, each of which bears a cationic

head group, are favored by the presence of a negatively charged residue at

position 4.  On the other hand, the isolated mutants that selectively hydrolyze

C6PS with its zwitterionic head group have a neutral (Gln or Gly) or a positively

charged (Lys) residue at position 4, and several of these variants exhibited

specificity constants for C6PS greater than wt (Figure 2.15).  These replacements

significantly decrease enzyme activity toward C6PC and C6PE as compared to

wt.
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Figure 2.19. Comparison of the specificity constants of wt PLCBc and mutants
with a negatively charged Glu or Asp at position 4 (left of the dashed line) versus
Gln, Gly, or Lys at position four (right of the dashed line).

All PLCBc variants isolated thus far that exhibit >1% wt activity toward

C6PC or C6PE have an aromatic residue in position 66 (Figure 2.20). This

observation supports previous findings(90) and reinforces the prevailing

hypothesis that there is an important interaction between the aromatic ring of

Phe66 and the substrate head groups, especially choline and ethanolamine.
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Figure 2.20.  Comparison of specificity constants of wt PLCBc and mutants that
have an aromatic residue at position 66 (a) with the PLCBc mutants that have a
nonaromatic residue at position 66 (b).  Note different y-axes.
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Replacement of Tyr56 in wt PLCBc with a nonaromatic Val, Thr, Ser, or

Ala residue lowers the specificity constant for C6PC, thereby resulting in

increased C6PE/C6PC and C6PS/C6PC preferences for the mutants studied

(Figure 2.21). This observation is consistent with previous results(90) and shows

that an aromatic or a hydroxyl moiety is not required at position 56 for significant

activity toward C6PE or C6PS.
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Figure 2.21.  Comparison of the specificity constants of wt PLCBc (E4/Y56/F66)
and PLCBc mutants with nonaromatic residues at position 56.

The side chains of the residues at positions 4, 56 and 66 of PLCBc are not

directly involved in catalysis but rather comprise the head group binding pocket.

(118)  Taken together, the results obtained herein suggest that the residues at

positions 4, 56, and 66 appear to act in concert as a module in which one or more
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can be changed to give a modified binding pocket and a mutant enzyme that

exhibits a specificity profile significantly different from wt. Obviously, PLCBc

has not been evolutionary optimized to hydrolyze the phosphodiester bond of PE

and PS derivatives but the reason for this is unclear.  This study further validates

the utility of combinatorial random substitutions followed by reinsertion of wt

residues by site-directed mutagenesis as a tool to engineer phospholipase

specificity.

A set of mutants has thus been identified that can be used as a starting

point to study structure-function relationships in the PLCBc head group binding

pocket. A better understanding of the structural basis for the observed trends in

substrate specificity of PLCBc and its mutants must await determination of the

three dimensional structure of selected mutants and their complexes with the

appropriate substrate analogues. Such studies are in progress, and the currently

available results are reported in Chapter 3.

In the future, the region-specific, random mutagenesis study described

above should be compared to a similar study completed via saturation

mutagenesis of residues 4, 56, and 66.  This would be accomplished by creating

three libraries in each of which one of the three residues, Glu4, Tyr56, or Phe66,

would be subjected to single-site, random mutagenesis. The screening of these

libraries and kinetic analysis of thus identified selective and active variants might

show which of the two methods, region-specific, random or saturation

mutagenesis, is more useful for engineering the substrate selectivity of PLCBc.

Identification of different, active single mutants that have altered substrate
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selectivities could lead to further insights about molecular recognition in the

PLCBc binding pocket.  It would also be interesting to use unnatural amino acid

replacements at residues 4, 56, and 66 to further probe the requirements for

choline, ethanolamine, and serine binding in the PLCBc substrate binding

pocket(88).  This would allow us to conduct studies with a wider variety of

chemical moieties in the head group binding site.
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Chapter 3:  Crystal structures of PLCBc and mutants

X-ray crystallography is a powerful method for gaining information about

protein structures.  High-resolution structures can be used to investigate aspects of

enzyme chemistry, such as catalytic mechanism and substrate recognition.  The

feasibility of using X-ray diffraction to study the structure of PLCBc has been

established previously by Hansen and coworkers(98-101, 119).  To gain insights

into selected aspects of the catalytic mechanism and substrate recognition of the

PLCBc catalyzed reaction, crystallization and diffraction studies of several PLCBc

mutants were undertaken.  This chapter begins with an introduction to former X-

ray crystallography work on wt PLCBc by Hansen and coworkers, followed by a

description of its catalytic mechanism.  Next, the X-ray diffraction studies and

structure of the Asp55Asn mutant of PLCBc are discussed and their implications

for the catalytic mechanism of P L CBc are addressed.  Finally, the X-ray

diffraction studies of selected PLCBc mutants with altered substrate selectivities

(Chapter 2) are delineated.  These structures are compared to the structure of wt

PLCBc in order to gain insights into the structural basis for the changes in

substrate selectivities.

3.1.  BACKGROUND:  PREVIOUSLY SOLVED STRUCTURES OF PLCBC

3.1.1 Crystallization of wt PLCBc

  The first crystallization of wt P L CBc was reported by Little and

coworkers in 1978(119).  These crystals were found suitable for X-ray diffraction
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analysis to a resolution of at least 2.2 Å.  In order to obtain pure PLCBc, it was

first purified by column chromatography.  The authors also subjected PLCBc to

heat treatment at 69 – 70 ºC, discarding the resultant precipitate.  The supernatant

from the heat treatment was adjusted to 66% saturated (NH4)2SO4 to precipitate

the enzyme and the supernatant was discarded.  Precipitated, purified PLCBc was

dissolved in water to a final concentration of 3 – 5 mg/mL.

After purification, the authors used two different methods to obtain

suitable crystals of wt PLCBc.  In the first method, the aforementioned solution

was adjusted to 32% saturated (NH4)2SO4 and stored in plastic containers at 4 Cº.

After four to six weeks crystals with dimensions of 0.3 mm to 1.1 mm grew on

the walls of the containers.  In the second method, the solution of purified enzyme

was adjusted to approximately 26% saturated (NH4)2SO4.  Diffractable crystals

were obtained by vapor phase diffusion against a solution of 47% saturated

(NH4)2SO4 at room temperature in hanging crystallization drops.

To improve the yield and cost effectiveness of PLCBc purification and

crystallization, Myrnes and Little later devised a new and rather unusual

purification step for PLCBc to yield enzyme that they reported was “easy to

crystallize”(120).  This procedure was based on the following observation about

PLCBc: Thermally coagulated, inactive PLCBc could be unfolded and refolded

back into an active form(121).  Based upon this observation, a solution of PLCBc

in buffer (pH = 7.4) was subjected to heat treatment at 73-74 ºC and the resultant

precipitated material was discarded.  After column chromatography and dialysis,

the supernatant was heated at 85 ºC and the resulting precipitated material was



93

dissolved in 4 M guanidinium chloride in 0.1 M sodium acetate (pH = 6.0),

incubated at room temperature, and dialyzed into buffer at pH = 7.4.  T o

crystallize PLCBc, aforementioned enzyme solution was dissolved in unbuffered

30% saturated (NH4)2SO4 to 3-4 mg/mL and crystallized against 45% (NH4)2SO4

by vapor phase diffusion. Crystals appeared after 2 d.  This procedure was used to

produce the wt PLCBc crystals used in X-ray diffraction studies to obtain the

structures discussed below (Sections 3.1.2 and 3.1.3).

3.1.2 Structure of unbound wt PLCBc

Hough and coworkers solved the first crystal structure of unbound PLCBc

at 1.5 Å resolution (PDB code 1AH7) in 1989 using multiple isomorphous

replacement (MIR) and solvent flattening(98).  The structure revealed that 67%

of PLCBc amino acids participate in ten _-helices which are folded into a tightly

packed single domain (Figure 3.1).  The ten helices are connected by external

“random coil” loops.  PLCBc is very rigid except for the terminal loops.  The

enzyme is roughly ellipsoidal in shape with approximate dimensions of 40 Å x 30

Å x 20 Å.  The molecular surface is smooth except for a cleft, which is

approximately 8 Å deep and 5 Å wide.  There are several disordered side chains,

for example Tyr56, Arg27 and the last three residues in the C-terminal loop.
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Figure 3.1.  PLCBc consists of ten a-helices (gray) connected by random coils
(black).

Neutral, basic, and acidic amino acid residues are evenly distributed on the

surface of PLCBc except for two regions located close to the opening of the active

site.  The residues in the first region form a non-polar surface, and the residues in

the second region are mostly acidic.  Three zinc atoms lie on the inner surface of a

cleft in the surface of the molecule close to the acidic region.  These metal ions

appear to stabilize the enzyme since they are coordinated to widely separated

parts of the amino acid chain.  The Zn ions are five-coordinated with

approximately trigonal bipyramidal geometry.  Zn1 and Zn3 are only 3.6 Å apart

and are bridged by the side chain carboxyl group of Asp122 and a water molecule
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(Figure 3.2).  The N-terminal Trp1 is buried immediately next to the active site,

and its side chain amino group and backbone carbonyl group are both involved in

binding Zn3.  The remaining ligand for Zn3 is the _-nitrogen atom of His14.  Zn1

is ligated to His69, His118, Asp55, Asp122 and to the bridging water molecule

between Zn1 and Zn3.  His14 and His118 are approximately parallel to each other

with a ring-ring distance of approximately 3.7 Å.  Zn2 is ligated to the amino acid

side chains of His142, His128, Glu146 and to two water molecules.
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Figure 3.2.  A cartoon representation of the metal coordination in PLCBc
including water molecules.  Metal-ligand distances lay in the range of 2.0-2.3 Å.
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3.1.3 Structures of PLCBc bound to various ligands

PLCBc bound to inorganic phosphate

The crystal structure of the complex formed between PLCBc and inorganic

phosphate (Pi) was determined to 2.1 Å resolution by Hough and coworkers in

1991(99).  The structure revealed that Pi binds to the three zinc atoms by

replacing two of the ligated water molecules in the native enzyme (Figure 3.3).

One phosphate oxygen atom is coordinated to Zn2, and another phosphate oxygen

atom coordinates to both Zn1 and Zn3 (Figure 3.3).  The unbound PLCBc

structure and the structure of PLCBc bound to Pi have very few other differences.

The most significant change in the enzyme structure upon binding of Pi was in the

N-terminal loop, where residues 2 to 8 undergo a 0.2 Å displacement away from

the metal ions.
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Figure 3.3.  Cartoon representation of the metal binding site in the structure of
PLCBc bound to inorganic phosphate.  Inorganic phosphate binds to all three Zn
ions by replacing two of the water molecules in the native enzyme.  The small
differences in distances in the active site relative to the structure of the unbound
PLCBc are probably due to the geometric restraints imposed by the phosphate
group.

PLCBc in complex with a substrate analogue

Martin, Hough and coworkers reported the first crystal structure of a

complex between PLCBc and a competitive inhibitor in 1993 at 1.9 Å

resolution(101).  This inhibitor, (3(S),4-dihexanoyl-1-phosphonylcholine) (1) was

a non-hydrolyzable, competitive inhibitor of PLCBc (Figure 3.4).  The structure

showed that the location and orientation of the phosphonyl group was similar to

that found in the complex between inorganic phosphate and PLCBc (Figure 3.5).
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Compound 1 binds to PLCBc with the oxygen atoms of the phosphonyl group

coordinated to the three Zn ions in the active site.  Two phosphonyl oxygen atoms

of 1 replace two coordinated water molecules in the native PLCBc structure.

Inhibitor 1 binds to several amino acid side-chains and backbone atoms.  The

carbonyl oxygen atom of the sn2 side chain of 1 forms a hydrogen bond with the

backbone amide atom of Asn134.  There are two distinct groups of residues in the

active site.  Residues Glu4, Tyr56, Asp55, and Glu146 form an acidic pocket at

one end, whereas Ser64, Thr65, Phe66, Phe70, Ile80, Thr133, Asn134, Leu135,

and Ser143 line the remainder of the active site.  Of these residues, Glu4, Tyr56,

and Phe66 are in proximity of the choline head group of 1.  The orientation of 1 in

the active site is probably determined by the amphiphilic nature of the PLCBc

active site; the polar side chains and water molecules are predominantly located

close to the metal cluster, and the remainder of the active site located further away

from the surface is mostly hydrophobic.

NMe3
OP

O

O

X

O

O

O

O

1: X = CH2
2: X = O

Figure 3.4.  Non-hydrolyzable substrate analogue (3S)-3,4-di-n-
hexanoyloxybutyl-1-phosphocholine (1).  The related 1,2-di-n-hexanoyl-sn-
glycero-3-phosphocholine (2) is a substrate of PLCBc.
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3.2.  STRUCTURE OF THE PLCBC MUTANT ASP55ASN

The mechanistic studies of PLCBc implicated Asp55 as the general base

(Section 3.2.1).  To examine this possibility, the Asp55Asn mutant of PLCBc was

crystallized and its X-ray structure was solved and refined to 2.0 Å.  The X-ray

structures of Asp55Asn complexed with two nonhydrolyzable substrate analogues

were also solved and refined to 2.0 and 2.3 Å, respectively.  This section begins

with an introduction to previously performed studies focused on understanding

the catalytic mechanism of PLCBc.  Next, the crystallization of PLCBc mutant
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Asp55Asn is discussed. Finally, the structures of unbound PLCBc mutant

Asp55Asn and Asp55Asn in complex with two inhibitors are described and

compared to the structure of wt PLCBc.

3.2.1 Introduction to the catalytic mechanism of PLCBc

A series of studies directed toward elucidating the details of the

mechanism by which PLCBc catalyzes the hydrolysis of phospholipids have been

conducted recently by Martin and Hergenrother (Figure 3.6)(93).  By analogy

with other phosphodiesterases(122), the reaction is believed to proceed by an in-

line attack by an activated water molecule on the central phosphorus atom of the

phosphodiester moiety. Collapse of the resulting pentacoordinate intermediate

provides a diacyl glycerol (DAG) and a phosphorylated head group.  Deuterium

isotope experiments indicated that the rate-determining step of the enzymatic

reaction was neither substrate binding nor product release. Instead, a chemical

transformation involving the transfer of a single proton was rate determining,

although it is not known whether this step involved deprotonation of the

nucleophilic water or protonation of the leaving group.
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Figure 3.6.  Reaction catalyzed by PLCBc.

There have been a number of efforts to identify the general base that

activates the nucleophilic water that attacks the phosphodiester moiety during the

PLCBc-catalyzed reaction(123-126).  In one study, the pH versus activity profile

of PLCBc was determined.  This study showed that the pH dependence of PLCBc

activity is represented by a bell-shaped curve having a maximum between pH 7

and 8 and an ascending portion having a slope of one(126, 127).  Based upon this

curve, the general base has been assigned a pKa of approximately 5.3(123, 126).

By analogy with mechanisms postulated for alkaline phosphatase(128) and

carboxypeptidase A(129), a zinc-bound water or hydroxide ion could act as the

attacking nucleophile.  In the widely accepted mechanism of alkaline

phosphatase, the phosphate oxygen atoms coordinate to two zincs, and then

Ser102 attacks the phosphomonoester to form a covalent intermediate.

Hydrolysis of this intermediate occurs via attack from a hydroxide ion ligated to

Zn1.  However, inspection of the crystal structure of PLCBc complexed with

compound 1 (Figure 3.5)(101) revealed that there were no water molecules in the
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first coordination sphere of any of the zinc ions, so it seemed unlikely that the

nucleophilic water was activated by one of the metal ions.  Moreover, the normal

isotope effect of 1.9 determined for PLCBc(130) is consistent with general base

catalysis by an amino acid side chain rather than a zinc-bound water(131-134).

Further examination of the structure of the complex of 1 with PLCBc

suggested that Glu146, Glu4, and Asp55 were possible candidates for the general

base (Figure 3.5)(101).  Mutagenesis studies in which these amino acids were

replaced with residues lacking a carboxyl group in their side chains were then

performed(126).  Those studies suggested that Glu146 served primarily as a

critical ligand for Zn2, as mutations at this position generated proteins that have

reduced thermostabilities relative to wt and bound only two zinc ions.  Moreover,

the plot of kcat/KM as a function of pH for the E146Q mutant was similar to that

of wt PLCBc having a bell-shape; a bell-shaped curve is inconsistent with Glu146

being the general base. Mutations at Glu4 were less detrimental to catalytic

activity than mutations at Glu146, so this amino acid residue also appeared to be

an unlikely candidate for the catalytic base. Rather Glu4 seems to be involved in

substrate binding, perhaps stabilizing the positive charges of the choline and

ethanolamine head groups by electrostatic interactions(61, 135).  Unlike

mutations of either Glu4 or Glu146, mutations of Asp55 generated enzymes with

catalytic activities that were up to 106 fold lower than that of PLCBc(118).  For

example, the Asp55Asn mutant obtained upon replacing Asp55 with Asn was 104

less active than wt and the conservative replacement of Asp55 by Glu yielded an

enzyme with a 4000-fold reduced catalytic efficiency.  Inasmuch as such dramatic
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changes are normally characteristic of removing the catalytic base, Asp55 was

thus tentatively identified as the general base.

Although the low catalytic activity of the Asp55Asn mutant supported

assigning Asp55 the role of general base, it was nevertheless possible that Asp55

served a structural role that was essential for enzyme activity. The circular

dichroism (CD) spectrum of Asp55Asn suggested that the percentage of amino

acids participating in helices was unchanged from wt, so there were no gross

structural changes upon mutating Asp55(118).  However, Asp55 is located 2.7 Å

from Zn1, which is within its first coordination sphere, so it could be an important

ligand for Zn1.

To eliminate the possibility that Asp55 plays a structural rather than a

catalytic role in the PLCBc-catalyzed hydrolysis of phospholipids, it was

necessary to determine the three-dimensional structure of the Asp55Asn mutant.

Toward this objective, the X-ray structure of Asp55Asn has been solved and

refined to 2.0 Å.  The X-ray structures of Asp55Asn complexed with 1 and 3 have

also been solved and refined to 2.0 and 2.3 Å, respectively (Figures 3.4 and 3.7).

These structures are compared with the previously obtained structures of the wt

enzyme.
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Figure 3.7.  Non-hydrolyzable phospholipid substrate analogue 1,2-di-n-
pentanoyl-sn-glycero-3-dithiophosphocholine (3).

3.2.2 Crystallization of the PLCBc mutant Asp55Asn

Since diffractable crystals of wt PLCBc were previously obtained by

Hansen and Hough(119), crystallization of PLCBc mutant Asp55Asn was

undertaken following their crystallization procedures (Section 3.1.1).  However,

rather than using one of the purification procedures published by Hough and

coworkers to obtain pure enzyme, the purification procedure published by Martin

and coworkers in 1996 (Section 4.2.3)(126) was used to prepare purified

Asp55Asn for the crystallization experiments.

In the first attempts to crystallize the Asp55Asn mutant of PLCBc, the

purified enzyme was adjusted to a final concentration of 3–5 mg/mL in a test

tube.  Saturated (NH4)2SO4 was added dropwise at room temperature until the

solution appeared faintly turbid.  Water was then added until the solution turned

clear giving a final (NH4)2SO4 concentration of approximately 1.7 M (32%

saturated).  The solution was then stored either at room temperature or 4 ºC in

plastic containers.  The containers were examined for crystals weekly but no

crystals were ever observed.
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The second approach employed for crystallizing Asp55Asn involved the

vapor diffusion procedure developed by Hough and coworkers (Section 3.1.1).

Since no crystals were available after reproducing the procedure several times, we

decided to alter the crystallization conditions.  The enzyme solution was filtered

multiple times to remove dust particles just prior to setting up vapor phase

diffusion experiments.  Furthermore, the concentrations of (NH4)2SO4 in the

crystallization drop and in the crystallization well were varied. Additionally,

different volumes of the crystallization drop and crystallization well solutions

were used in vapor diffusion experiments.  The concentration of the PLCBc

mutant Asp55Asn in the crystallization drop was also altered.

When these experiments did not yield PLCBc crystals, another step that

was inspired by the purification protocols of Hough and coworkers published in

1979 (Section 3.1.1) was added to the procedure to remove any contaminants.

Accordingly, purified PLCBc was precipitated by adjusting the solution of PLCBc

to approximately 67% (NH4)2SO4 and dissolving the resulting white PLCBc

precipitate in distilled water. Crystallization of PLCBc from this solution was

affected by vapor phase diffusion as usual.  To our delight, these efforts yielded

approximately twelve crystals of Asp55Asn PLCBc having dimensions between

0.2 and 0.6 mm (Figure 3.8).  These crystals were found to diffract to at least 2.1

Å resolution.  The precipitation step may have removed small amounts of possible

contaminants, such as maltose binding protein that were not seen on an SDS gel,

allowing for the crystallization of PLCBc Asp55Asn.
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Figure 3.8.  Crystal of PLCBc mutant Asp55Asn with approximate dimensions
0.2 x 0.3 x 0.5 mm.  Picture taken by Adrian P. Goodey.

3.2.3 Solving the structure of the PLCBc mutant Asp55Asn

Once crystals were obtained, collaborator Dr. Art Monzingo solved and

refined the bound and unbound structures of the PLCBc Asp55Asn mutant by

molecular replacement methods (Table 3.1)(102).  Coordinates of the refined

model of the Asp55Asn mutant have been deposited in the Protein Data Bank

with entry code IP5X.  The structure of the Asp55Asn mutant provided useful

information.  We also wished to solve the structures of the complexes of

Asp55Asn with inhibitors 1 (Figure 3.4) and 3 (Figure 3.7) in order to compare

these structures to that of wt in compex with 1.  To form these complexes, crystals

containing PLCBc Asp55Asn mutant were soaked in artificial mother liquor (40%

saturated (NH4)2SO4) containing 1 (≤0.5 mM) or 2 (≤5.0 mM) for 24 h at room

temperature in the wells of a glass plate.  The soaking solutions were prepared by

adding solid 1 or 2 to the mother liquor and sonicating the mixtures for 6 h to

facilitate dissolution of the ligand; neither 1 or 2 dissolved completely.  The
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structures were solved using methods similar to those used for unbound structure

(Table 3.1).  Coordinates of the refined models of the inhibitors 1 and 3 bound to

the Asp55Asn mutant have been deposited in the Protein Data Bank with entry

codes 1P6D and 1P6E, respectively.
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Asp55Asn Asp55Asn-1 Asp55Asn-2

Space group P43212 P43212 P43212

Cell parameters (Å) a=b=89.99
c=73.95

a=b=89.93
c=73.94

a=b=89.80
c=74.21

Resolution (Å) 2.0 2.0 2.3

Rmerge (%) 5.3 7.4 9.2

Rmerge (last shell) (%) 13.6 18.1 30.2

I/s 22.0 23.7 12.8

I/s (last shell) 8.9 7.5 4.5

Completeness (%) 93.0 99.3 98.4

Unique reflections 19,337 20,598 13,590

Redundancy 3.0 5.0 3.1

Rworking 0.174 0.174 0.163

Rfree 0.197 0.2303 0.202

RMS deviation
From ideality

          Bonds (Å) 0.005 0.006 0.008

         Angles (°) 1.111 1.268 1.321

RMS Ca distance from
wild-type (Å)

0.15 0.22 0.25

Table 3.1.  Crystallographic data and statistics for the Asp55Asn mutant of
PLCBc.

3.2.4 Discussion of the PLCBc mutant Asp55Asn Structures

Inspection of the structure of the Asp55Asn mutant of PLCBc reveals that

mutagenesis of Asp55 to Asn caused no significant movement of either the
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protein backbone (RMS = 0.17 Å) or the amino acid side chains (RMS = 0.46 Å)

(Figure 3.9). The RMS for all atoms except the water molecules is 0.35 Å.  There

are no significant differences in the orientations of any of the amino acid side

chains in the active site. These observations clearly show that Asp55 is not a

critical residue for the structural integrity of PLCBc.  Hence, the large reduction in

catalytic activity that results from replacing the carboxyl group in Asp55 of wt

with the carboxamide function in the Asn residue of Asp55Asn must be caused by

a factor other than a significant change in protein structure.

Figure 3.9.  Stereoview of the superimposed backbone structures of wt PLCBc
(gray thick line) and Asp55Asn (black thin line).

The one notable difference between the structures of uncomplexed wt

PLCBc and Asp55Asn is in the first coordination sphere of Zn2.  Namely, in the

wt structure, there are two water molecules located within 2.3 Å of Zn2, whereas
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in the Asp55Asn structure one of these is missing. Consequently, the coordination

numbers of Zn2 in wt and Asp55Asn are five and four, respectively.  However,

these two water molecules in wt PLCBc are displaced upon complexation with the

non-hydrolyzable phospholipid analogue 1 (Figure 3.4)(101). Similarly, the

corresponding water molecule coordinated with Zn2 in Asp55Asn is displaced

upon complexation with both 1 and 3.

The binding of the phospholipid analogues 1 and 3 to the Asp55Asn

mutant of PLCBc caused no significant movement of any of the active site amino

acid residues or of the three Zn2+ ions. It appears that the locations and

orientations of phospholipids 1 and 3 bound in the active site of Asp55Asn are

similar, but not identical, to those previously observed for 1 complexed with wt

PLCBc (Figure 3.10)(101).  However, because of the low observed densities in the

difference maps for the head groups of 1 and 3 in these complexes, it is difficult

to attach any significance to the observed differences.  Because the occupancies

of 1 (80%) and 3 (79%) in the active site of Asp55Asn are not especially low, we

attribute these low densities in the difference maps to disorder arising from

thermal motion.  The average B-factors for the head group atoms of 1 and 3 in the

1-Asp55Asn and the 3 -Asp55Asn structures are significantly higher (1-

Asp55Asn, 40.2; 3-Asp55Asn, 62.4) than the average B-factors for the entire

protein-ligand structures (1-Asp55Asn, 18.6; 3-Asp55Asn, 23.5).  Differences in

the orientations of the sn1 side chains in each of the complexes of wt and

Asp55Asn appear also to be a consequence of disorder arising from thermal

motion.
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Figure 3.10.  Superimpositions of compound 1 complexed with the active site
cleft of  Asp55Asn (black) and wt PLCBc (medium gray) and of compound 3
complexed with Asp55Asn (light gray) as observed in crystal structures.

Comparison of the active site interactions in the complexes of 1 with wt

PLCBc and the Asp55Asn mutant reveals relatively few differences (Figure 3.11).

However, since the electron density for the head groups and the lipid side chains

was poor, not much can be concluded based on these differences.  In the

Asp55Asn mutant complex (Figure 3.11b), there is no electron density observed

for the water molecule w1 that is proximate to Glu146 in the wt complex (Figure

3.11a).  The significance of its absence in the 1-Asp55Asn mutant complex

(Figure 3.11) is not readily apparent.
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Figure 3.11.  A cartoon representation of selected active site interactions
displaying the relevant distances involving residues Glu146, Asp55 or Asn55,
Glu4, the three zinc ions, w1, and the putative nucleophilic water molecule w2 in
complexes of 1 with wt PLCBc (a) and the Asp55Asn mutant of PLCBc (b).

The putative nucleophilic water, w2, which is presumed to be activated by

the carboxylic acid group of Asp55 in wt PLCBc, is present in all structures of

native PLCBc, Asp55Asn, and their complexes with 1 and 3.  The relative

positions of this water molecule in the complexes of 1 with wt and with the
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Asp55Asn mutant are different with the distances between w2 and the phosphorus

atom of 1 being 4.7 and 5.9 Å, respectively (Figure 3.11).  These differences are

not surprising, since w2 interacts with the side chains of residues Asp55 and

Asn55, in wt PLCBc and the Asp55Asn mutant, respectively.  The attack angle,

which is defined by the locations of the oxygen atom of w2, the phosphorus atom,

and the attached methylene carbon atom of the ligand, in the complex of 1 with wt

is 126°.  The corresponding attack angle in the Asp55Asn complex with 1 is 119°.

It is possible, that the decreased activity of the Asp55Asn variant is due to these

differences in the position of w2.  However, the attack angles for both wt and the

Asp55Asn variant are consistent with those that have been suggested for the

nucleophilic attack of water on phosphorus by an associative mechanism(136).

Hence, the observation that the position of w2 varies only slightly in complexes of

1 with wt and the Asp55Asn mutant suggests that the reduced catalytic activity of

Asp55Asn is not due to loss of the nucleophilic water molecule.

In conclusion, the three-dimensional structures of the Asp55Asn mutant of

PLCBc and its complexes with the phospholipid analogues 1 and 3 have been

determined.  Examination of these structures reveals that the structure of native

PLCBc does not change significantly upon replacement of Asp55 by Asn, thereby

clearly demonstrating that Asp55 is not critical for the structural integrity of the

enzyme. Moreover, the structures of the complexes of Asp55Asn with 1 and 3 are

very similar to the structure of the complex of wt PLCBc with 1. The putative

nucleophilic water w2 is present in all of the complexed and uncomplexed

structures of wt PLCBc and Asp55Asn.  Although the position of w2 varies
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somewhat in the wt and Asp55Asn complexes with 1, it remains in a location

consistent with its serving as the nucleophilic water molecule.  The large decrease

in catalytic activity of Asp55Asn therefore does not likely arise from loss of the

nucleophilic water molecule.  Rather, as originally proposed, the available

evidence suggests that the large loss of enzymatic activity following mutation of

Asp55 to Asn55 is a consequence of substituting the general base, Asp55, in the

PLCBc-catalyzed hydrolysis of phospholipids with Asn, a residue that cannot

serve this role owing to its lower Lewis basicity.

3.3.  STRUCTURES OF PLCBC MUTANTS WITH ALTERED SUBSTRATE SELECTIVITY
PROFILES

The substrate specificity of PLCBc may be dramatically altered by

modifying residues Glu4, Tyr56, and Phe66 within the head group binding site

(Chapter 2).  Amino acid replacements of these residues allowed us to identify

PLCBc mutants having different selectivity profiles from that of wt PLCBc(61,

90).  Many of these mutants were also very active and had specificity constants

for C6PE and C6PS equal to or greater than wt PLCBc.  Hence, this set of PLCBc

mutants offers an excellent opportunity to study structure-function relationships in

enzyme specificity.  In order to compare the molecular structure of wt PLCBc to

the structures of these PLCBc mutants, we decided to crystallize these mutants and

to determine their structures by X-ray crystallography.  We hoped that careful

examination of the differences and similarities between the mutant and wt

structures would lead to increased understanding of substrate selectivity

determinants in the PLCBc binding pocket.  After many efforts, the crystallization
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and X-ray diffraction studies of several mutants were successfully completed. The

crystallization and structural analysis of PLCBc mutants Tyr56Val, Phe66Trp,

Glu4Gln, and Glu4Gln/Phe66Tyr are discussed.

3.3.1 Crystallization of PLCBc mutants Tyr56Val, Phe66Trp, Glu4Gln, and
Glu4Gln/Phe66Tyr

Diffractable crystals of PLCBc mutants were required for the

determination of their structures by X-ray diffraction.  The same protocol that had

previously yielded diffractable crystals of PLCBc mutant Asp55Asn in our hands

(Section 3.2.2) was followed repeatedly in order to obtain crystals of other PLCBc

mutants.  Unfortunately, these efforts only yielded spherical microcrystals that

were too small for X-ray diffraction studies.  We then extensively altered the

following crystallization variables in a systematic manner:  concentration of

(NH4)2SO4 in the crystallization drop and in the vapor diffusion well, protein

concentration in the drop, volume of the well, and volume of the drop.

When these studies did not yield suitable crystals, we searched for a new

and reproducible procedure for crystallizing PLCBc mutants, and several different

approaches were explored.  First, Hampton crystallization screens 1 and 2 were

used to expedite the screening of different, potential crystallization conditions.

Hampton screens 1 and 2 consist of 50 and 48 solutions, respectively, that contain

different salts, buffers, and precipitants.  In the case of crystal screen 1, four

conditions yielded crystals.  To our disappointment, we discovered that these

crystals consisted of inorganic salts as determined by the “Izit” test.  The Izit test

consists of a blue dye that is added to the crystallization drop and causes a crystal
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consisting of protein or RNA to change color from clear to blue.  Screen 2 only

yielded microcrystals and some spherical globules.

We thought that perhaps slowing down vapor diffusion would allow for

larger crystals to grow.  Toward this end, mixtures of silicon oil in mineral oil (0 –

100%) were used to overlay the (NH4)2SO4 solutions in the wells.  These studies

were performed both in the cold room (4 ºC) and at room temperature but

unfortunately no suitable crystals were obtained.  We also evaluated the effect of

temperature on crystallization of PLCBc.  PLCBc (wt or mutant) was purified as

vapor diffusion experiments were prepared.  Some plates were kept at room

temperature for at least 1 week, whereupon the drops were examined with a

microscope for crystals daily.  In other trials, the drops were set in the cold room

and allowed to incubate at 4 ºC and examined once a week.  The effect of

allowing the crystallization drops to cool slowly was investigated by allowing the

plate to slowly cool down in a styrofoam container in a cold room after setting a

tray of drops at room temperature.  Unfortunately these efforts did not yield

PLCBc crystals.

  Since crystals had not been obtained, we became concerned about the

purity of PLCBc.  Efforts were undertaken by undergraduate Virginia Lu to

discover the origin of a contaminant having slightly lower molecular weight than

PLCBc that was occasionally present in a purified batch of PLCBc protein.  After

many trials, we discovered that this band was present only when the trypsin

concentration in the digestion of the maltose binding protein-PLCBc fusion

protein reaction was too high.  If the concentration of trypsin in the digestion
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reaction was < 4 _g/mL, the contaminant protein (possibly a degradation product

of PLCBc) was not observed on an overloaded SDS gel; the cleavage of the fusion

protein still proceeded to almost completion.  Lower concentrations of trypsin

were then used, but this change did not lead to crystals of PLCBc mutants using

any of the various methods discussed above.

The efforts summarized above took place over several years.  Light

appeared at the end of the tunnel when graduate student Aaron Benfield modified

the purification protocol for samples of P L CBc that were intended for

crystallization.  He combined the heat treatment steps from the purification

protocol of Hough and coworkers published in 1980 (Section 3.1.1)(120) with the

purification protocol that had been successfully used to purify the PLCBc mutant

Asp55Asn for crystallization (Section 3.2.2).  Using this new protocol, he was

able to obtain diffractable crystals of PLCBc mutants Glu4Gly and Tyr56Thr,

which have altered substrate selectivities (Chapter 2).  Using this purification

protocol it has been possible to obtain crystals of approximately twenty PLCBc

mutants that were used to obtain the structures discussed in this chapter (Section

3.2.3).

The protocol is described in detail (Section 4.2.5), but it is briefly

described here.  PLCBc was purified using the protocol developed by Martin and

Hergenrother(126) and dialyzed against sodium acetate (0.1 M, pH = 6.0) at room

temperature.  Following dialysis, the PLCBc solution was heated to 70 °C for 15

min in test tubes on a hotplate to form a precipitate, which was discarded.  The

precipitate contained residual, denatured maltose binding protein and may have
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also contained other contaminants.  The supernatant was filtered and heated to 85

°C for 15 min to obtain a precipitate, which was washed twice in sterile water.

The supernatant was discarded.  Occasionally, heating the protein to 85 °C for 15

min did not yield sufficient quantities of precipitated protein to continue, or the

small quantity that was obtained was lost upon washing the protein with water.

The latter precipitate was dissolved in a denaturing solution of 4 M

guanidinium chloride in 0.1 mM sodium acetate, pH = 6.0 and incubated at room

temperature for 1 h.  The protein solution was then dialyzed into 0.1 M DMG and

1 mM ZnSO4 at pH=7.3 and concentrated during which time the enzyme

renatured.  At this point, the PLCBc was precipitated by adding saturated

(NH4)2SO4 to adjust the solution to 67% (NH4)2SO4.  In some cases, very little

protein was obtained upon precipitation with (NH4)2SO4 because the protein was

not sufficiently concentrated prior to the addition of saturated (NH4)2SO4.  This

problem was easily avoided by determining the protein concentration by A280

measurements prior to precipitating PLCBc with (NH4)2SO4.  If the concentration

was too low (<2 mg/mL), the protein was concentrated further.  The precipitated

PLCBc pellet was dissolved into 20–30% (NH4)2SO4.  The purity of the protein

was determined by a SDS PAGE gel to ensure that each crystallization trial was

performed with pure PLCBc.  The protein concentration was determined by A280

using extinction coefficient of 0.47 (mg/mL)-1 x cm-1 and adjusted to 3-4 mg/mL.

Vapor diffusion experiments for the crystallization of PLCBc were then prepared

(Section 3.2.2).



119

While the procedure described above yielded approximately twenty

PLCBc (wt or mutant) crystals, most crystallization experiments using this

purification protocol did not give PLCBc crystals.  Fewer than 1% of the

crystallization drops prepared using this method resulted in a crystal containing

PLCBc (wt or mutant).  Even when crystallization succeeded, typically only one

out of six identical crystallization experiments yielded a PLCBc crystal.  The

reasons for these inconsistent results are not clear, but many crystallographers tell

woeful tales of similar problems.  It would be useful to determine what subtle

differences are responsible for these different results.  This would increase the

chance of obtaining crystals in future experiments.

Table 3.3 shows that in successful crystallization experiments, PLCBc

mutants were dissolved in 20-35% saturated (NH4)2SO4, and vapor diffusion

proceeded against 30-40% saturated (NH4)2SO4.  The concentration of PLCBc

mutant was between 3.3 and 4.4 mg/mL.  All crystals formed in the P43212 space

group.  These results show that PLCBc (wt or mutants) can crystallize under

various crystallization conditions using (NH4)2SO4 as the precipitate.  In many

experiments, the crystallization drops contained large amounts of precipitate and

it was difficult to identify PLCBc crystals.  In some cases, crystals appeared 2 d

after the vapor diffusion trays were prepared, in other cases new crystals were

only identified after several months.  Numerous unsuccessful crystallization

experiments were prepared using the same conditions as shown in Table 3.3.  This

indicates that our understanding of PLCBc crystallization is not sufficient to claim

that we have developed a reproducible crystallization procedure.
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PLCBc
mutant

%(NH4)2SO4
(drop)

PLCBc
(mg/mL) (drop)

%(NH4)2SO4
(well)

Number of
crystals

Phe66Trp 30 3.3 40 2
Glu4Gln 25 3.5 35 3
Glu4Gln 25 3.5 30 2
Glu4Gln/
Phe66Trp

25 4.4 35 3

Tyr56Val 25 4.2 30 12
Glu4Lys 20 3.8 40 1

Table 3.3.  Crystallization conditions at which diffractable crystals of PLCBc
mutants were obtained.  Undergraduate Virginia Lu completed the crystallization
of the following PLCBc mutants:  Tyr56Val and Glu4Lys.

3.3.2 Solving the structures of PLCBc mutants Tyr56Val, Phe66Trp,
Glu4Gln, and Glu4Gln/Phe66Tyr

Once crystals of the PLCBc mutants Tyr56Val, Phe66Trp, and

Glu4Gln/Phe66Tyr had been obtained, their diffraction patterns were collected.

Before exposing PLCBc crystals to X-rays, they were frozen in order to minimize

crystal decay during data collection.  Each crystal was cryoprotected by soaking

for 1-2 min in a solution of 20% glycerol in water (v/v).  The crystal was

transferred from the crystallization drop to the cryoprotectant drop with a

magnetic wand as quickly as possible to minimize exposure to air.  Exposure to

air may cause the crystal to dry and this may damage its lattice, sometimes

causing a visible crack on the crystal surface.  The crystal was transferred with a

magnetic wand from the cryoprotectant to either a bath of liquid nitrogen or

directly to the goniometer head positioned under a liquid nitrogen cold stream,

which maintained the temperature of the crystal at approximately –180 ºC.  Both
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methods allowed the crystal to freeze quickly without damage.  In several cases,

the crystal changed from clear to cloudy upon freezing, but this did not impede

data collection.  It was important to adjust the position of the crystal using the

goniometer head so that the X-rays passed through the thickest part of the crystal.

This allowed for the most complete data set to be collected in the shortest amount

of time.

Once the crystal was positioned in the goniometer head, an X-ray

diffraction pattern was collected by exposing the crystal to X-rays produced by a

Rigaku RU200 rotating copper anode (Molecular Science Corporation,

Woodlands, TX) operated at 50 kV and 100 mA at approximately –120 ºC.  X-

rays diffracted by the PLCBc crystal were directed onto either a Rigaku Raxis IV

image plate detector or MAR345 imaging-plate system either in the Robertus or

the Tesmer laboratories.

After a crystal that yielded a desirable diffraction pattern from a 1 min

exposure was identified, the first image was processed and reduced with the

programs DENZO and SCALEPACK. (137)  The program STRATEGY was used

to suggest the shortest oscillation range that would provide a complete or an

almost complete (>90%) data set.  At this point the parameters were set, and data

collection ensued (Table 3.4).  X-ray exposures were usually between 3-6 mins

each and between 80 and 120 exposures were taken.  After each exposure, the

crystal was rotated by 1.0–1.8º.  Rotating the crystal 1.0º is more typical than

larger angles, but in the case of PLCBc mutants, the mosaicity was usually high
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and larger angles of rotation allowed for more complete reflections.  Typically

greater than 90% complete data set was obtained this way.

Tyr56Val Phe66Trp Glu4Gln/Phe66T
yr

Date of collection 02.12.2003 03.03.2003 05.02.2003
Start j (º) 109 260 75
Film Distance
(mm)

120 140 180

Time/exposure
(min)

35 10 6

Dj 1.1 1.0 1.3
Temperature of
data collection ºC

-121 -177 -175

Number of
exposures

69 63 100

Radiation Source ROTATING
ANODE

ROTATING
ANODE

ROTATING
ANODE

X-ray generator
model

RGAKU RU200 RGAKU RU200 RGAKU RU200

Monochromator DOUBLE
FOCUSING
MIRRORS (NI &
PT) + NI FILTER

DOUBLE
FOCUSING
MIRRORS (NI &
PT) + NI FILTER

DOUBLE
FOCUSING
MIRRORS (NI &
PT) + NI FILTER

Wavelength 1.5418 1.5418 1.5418
Detector Type IMAGE PLATE IMAGE PLATE IMAGE PLATE
Detector
Manufacturer

RIGAKU RAXIS IV MAR345 MAR345

Space group P43212 P43212 P43212

Collimation (mm) 0.5 0.5 0.5

Table 3.4.  Data collection parameters for PLCBc mutants Tyr56Val, Phe66Trp,
and Glu4Gln/Phe66Tyr.

After collection of the dataset, XDISPLAY, DENZO, and SCALEPACK

from the HKL suite were used to index and scale the reflection intensities.  All

PLCBc datasets were indexed in the P43212 space group, which stands for the

primitive tetragonal space group.  Crystals of all P L CBc mutants were



123

isomorphous with those of wt PLCBc(101).  The wt model (PDB ID 1AH7) was

used as the initial model for the mutant models(98).  The residues that were

different from wt in the mutant were converted to alanine in the wt model with O,

using the command MUTATE_RESIDUE to create the starting point for the

mutant model.  Prior to refinement, 7-10% of the reflections were set aside for

cross-validation(138).  Positional refinement of the resulting models was carried

out using Refmac 5.1.24 using the Engh and Hubr geometry and stereochemistry

standards(139).  To facilitate manual rebuilding of the model, difference maps and

2Fo-Fc maps, weighted by the SIGMAA method(140), were prepared.  Model

building was carried out on a Silicon Graphics Indy computer using O(141).

Arpwarp from Refmac(139) was used to help position bound solvent molecules.

The refined structures were analyzed using PROCHECK(142).

3.3.3 Discussion of the Structures

The specificity constants of the PLCBc mutants that were subjected to X-

ray crystallography studies are shown for reference (Table 3.5).  The initial

velocity data for the various mutants was measured at low concentrations (ca

0.02–1.0 mM) of the relevant substrate, and the specificity constants were

obtained by the limiting slope of the concentration dependence of the initial rate

where [S] << KM (Chapter 2)(61).  The data in Table 3.5 show that several of

these mutants have vastly different selectivity profiles from wt PLCBc, yet they

retain specificity constants that are close to those of wt PLCBc and in some cases

even higher.  The three dimensional structures of these mutants were determined

in order to gain insight into the structural basis for their altered substrate



124

selectivities.  In this section, the structures of the unbound PLCBc mutants

Tyr56Val, Phe66Trp, and Glu4Gln/Phe66Tyr are compared to the unbound wt

structure.

PLCBc

Mutant

(kcat/KM)

(s-1 mM-1)
C6PC

(kcat/KM)

(s-1 mM-1)
C6PE

(kcat/KM)

(s-1 mM-1)
C6PS

C6PE/

C6PCa
C6PS/

C6PCa

Wt 113.0 80.2 11.5 0.7 0.1

Phe66Trp 200.6 141.0 8.8 0.7 <0.1

Tyr56Val 38.4 115.0 17.3 3.0 0.5

Glu4Gln 57.3 26.8 66.6 0.5 1.4

Glu4Gln/
Phe66Tyr

78.5 44.3 109.1 0.6 1.4

Table 3.5.  Specificity Constants (kcat/KM) (s-1 mM-1) of PLCBc mutants for
which the structures are discussed in this section.  The specificity profile wt is
shown for reference.  aValues are measured as the ratios of the specificity
constants ((kcat/KM) for C6PE or C6PS)/((kcat/KM) for C6PC).
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Figure 3.12.  Specificity Constants (kcat/KM) (s-1 mM-1) of PLCBc mutants for
which the structures are discussed in this section.  The specificity profile wt is
shown for reference.

Tyr56Val Structure

The replacement of Tyr56 in the head group binding pocket of wt PLCBc

by valine results in a significant decrease in the specificity constant toward C6PC,

while the specificity constants toward the other two substrates C6PE and C6PS

remain relatively constant (Table 3.5).  A decreased specificity constant toward

C6PC was also observed upon replacing the Tyr56 in wt PLCBc by serine,

threonine, and alanine (Chapter 2).  To get structural insight into these

observations, we determined the structure of the unbound P L CBc mutant

Tyr56Val by X-ray crystallography.
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The final model of the C6PE specific PLCBc mutant Tyr56Val contains

245 residues and three Zn ions.  The crystallographic R factor is 0.16 and the

Rfree is 0.19 with 197 ordered water molecules included.  Other crystallographic

data and refinement statistics are shown in Table 3.6.  Procheck results showed

that 89.5% of the amino acids were in the generously allowed regions of the

Ramachandran plot and that no amino acids were in the disallowed regions

(Figure 3.13).  Density for residue Val56 in the electron density map at the site of

the mutation appears clear and well defined in an Fo-Fc difference map (Figure

3.14).  A model in which Val56 had been replaced by Ala and two proximal water

molecules had been deleted was used to generate this difference map.
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Structure Tyr56Val Phe66Tyr Glu4Gln/Phe66Tyr

Space group P43212 P43212 P43212

Cell parameters (Å)
and (degrees)

89.668
89.668
72.413
90.00
 90.00
 90.00

90.007
90.007
70.640
90.000
90.000
90.000

90.08
90.08
70.90
90.00
90.00
90.00

Resolution (Å) 1.80-19.21 1.80-20.0 2.14-19.39

Rmerge (%) 0.067 0.042 0.083

Resolution (Å) (last
shell)

1.80-1.86 1.80-1.86 2.02-2.14

Rmerge (last shell) (%) 0.279 0.189 0.164

I/s 20.2 34.4 21.4

Completeness (%) 96.1 97.0 99.9

Unique reflections 25629 26629 16608

Redundancy 2.89 5.46 9.46

Rworking 0.158 0.158 0.156

Rfree 0.19 0.189 0.20

RMS deviation
From ideality

          Bonds (Å) 0.19 0.017 0.026

         Angles (°) 1.550 1.549 1.600

Table 3.6.  Crystallographic data and statistics for the models of PLCBc mutants
Tyr56Val, Phe66Trp, and Glu4Gln/Phe66Tyr.
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Figure 3.13.  A Ramachandran plot showing the f and j angles for each residue
of the refined PLCBc Tyr56Val model.  Glycine residues are shown as triangles,
and all other residues are shown as squares.  The shaded areas represent the most
favored regions with the most favored angles. The more shaded the area, the more
favored the angles.  The plot was created with PROCHECK(142).
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Figure 3.14.  A section of a Fo-Fc difference electron density map showing
density around Val56 and two proximal water molecules in the structure of PLCBc
mutant Tyr56Val.  The map is countoured at 3.0 above the mean density.  The
map was generated using a model of the Tyr56Val structure in which Tyr56 had
been replaced by alanine and the two water molecules had been deleted.

The Tyr56Val structure overlaps very closely with the structure of wt

PLCBc.  The root mean square (RMS) deviation of the backbones of wt PLCBc

and the Tyr56Val mutant is 0.37 Å.  This calculation did not include the water

molecules.  Most of the water molecules in the Tyr56Val structure overlap with

those in the unbound wt PLCBc structure.  These results show that replacement of

Tyr56 by valine does not result in a large conformational change in the three-

dimensional structure of unbound PLCBc or cause a rearrangement of the active
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site (Figure 3.15).  However, these studies do not rule out the possibility that a

large conformational change takes place upon binding of the ligand to the

Tyr56Val mutant.
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Figure 3.15.  Cartoon representation of selected interactions the head group
binding pocket as observed in the structure of unbound wt PLCBc (PDB code
1AH7) (a); unbound PLCBc mutant Tyr56Val (b); unbound PLCBc mutant
Phe66Tyr (c); and unbound PLCBc mutant Glu4Gln/Phe66Tyr.  Distances are
shown in Ångstroms.  Wa, Wb etc. represent the water molecules in the active
site.

The structure of the unbound Tyr56Val mutant reveals that the backbone

atoms of Val56 in the Tyr56Val structure overlap closely with those of Tyr56 in

the wt structure (Figures 3.15 and 3.16).  In the unbound wt structure, Tyr56 has
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two conformations; in one conformation Tyr56 points toward the substrate

binding site and in the other conformation Tyr56 points away from the substrate

binding site (Figures 3.15 and 3.16).  Conversely, in the structure of wt PLCBc in

complex with ligand 1 (Figure 2.3), only the conformation in which the aromatic

moiety is directed toward the substrate binding site is observed.  In the unbound

Tyr56Val mutant, there is obviously no aromatic moiety present.  Furthermore,

two water molecules with strong electron density occupy the space previously

held by one conformation of the phenolic side chain of Tyr56 (conformation

pointing toward substrate binding site) (Figure 3.16).

Conformation of Tyr56
(in wt) pointing toward
the substrate binding
site

Conformation of Tyr56 (in
wt) pointing away from
the substrate binding site

Val56 in Tyr56Val
mutant (gray)

Water molecules in
Tyr56Val mutant (gray)

Figure 3.16.  Superimposition of residue Tyr56 in the structure of wt PLCBc (two
conformations) (black) and Val56 in structure of PLCBc mutant Tyr56Val (gray).
Two water molecules in the Tyr56Val structure (gray) are also shown.  These
water molecules are not observed in the wt structure.

While it may not be possible to directly correlate the observed structural

and functional changes without a ligand bound structure, a few speculative

notions are warranted.  The largest specificity differences between wt and the

Tyr56Val mutant are observed for substrates C6PE and C6PC (Table 3.3).  In the
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event of wt binding to C6PE, the ethanolamine head group may participate in

hydrogen bonding with the hydroxyl moiety of Tyr56, and may also experience

some degree of p-cation interactions with the aromatic ring (Figure 2.3).  The

head group of C6PC may also be subject to p-cation interactions with Tyr56, but

unlike the primary ammonium ion of C6PE, the quaternary methylammonium ion

of C6PC cannot serve as a hydrogen bond donor.  In the mutated substrate

binding site of Tyr56Val, p-cation interactions with residue 56 are not possible.

However, the Tyr56Val structure reveals two water molecules with strong

electron density that occupy the position previously occupied by Tyr56 in the

ligand bound wt structure.  These water molecules are then available to form

hydrogen bonds with C6PE but not C6PC.  It is then possible that the decreased

activity of the Tyr56Val mutant toward C6PC, relative to C6PE, is owed in part to

residue 56 losing the ability to interact with the choline head group, while the

water molecules present in the substrate binding site of this mutant form

energetically favorable hydrogen bonding interactions with the ethanolamine head

group.  The specificity constant of the Tyr56Val mutant toward C6PS may still be

low due to the negatively charged Glu at position 4.  The acquisition of the crystal

structure of a complex between Tyr56Val and a C6PE substrate analogue is

needed to further explore these possibilities currently not supported by

experimental evidence.

Structure of unbound  PLCBc mutant Phe66Trp

The replacement of Phe66 in the head group binding pocket of wt PLCBc

by tryptophan results in increases in the specificity constants toward C6PC and
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C6PE (Table 3.5).  As discussed in Chapter 2, tryptophan generally forms

stronger π-cation interactions with ammonium ions than does phenylalanine.

Accordingly, the kinetic data obtained here, coupled with information about π-

cation interactions in the literature, represented an opportunity to potentially

elucidate structure-function relationships within the PLCBc binding pocket.  To

this end, we determined the structure of the unbound PLCBc mutant Phe66Trp by

X-ray crystallography.

The final model of the C6PC specific PLCBc mutant Phe66Trp contains

245 residues and three Zn ions.  The crystallographic R factor is 0.16 and the

Rfree is 0.19 with 223 ordered water molecules included.  Other refinement

statistics are shown in Table 3.6.  Procheck results showed that 89.5% of the

amino acids were in the generously allowed regions of the Ramachandran plot

and that no amino acids were in the disallowed regions (Figure 3.17).
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Figure 3.17.  A Ramachandran plot showing the f and j angles for each residue
of the refined PLCBc Phe66Trp model.  Glycine residues are shown as triangles,
all other residues are shown as squares.  The shaded areas represent the most
favored regions with the most favored angles.  The more shaded the area, the
more favored the angles.  The plot was created with PROCHECK(142).

Similarly to the Tyr56Val model, the Phe66Trp structure is nearly

identical to that of wt PLCBc.  The RMS deviation between the backbones of wt

PLCBc and PLCBc mutant Phe66Trp is 0.28 Å.  This calculation did not include

the water atoms.  The indole ring of Trp66 in the Phe66Trp structure is positioned

and oriented in a similar fashion to the phenyl ring of Phe66 in the wt PLCBc

structure (Figure 3.18).  Unlike wt PLCBc, in the Phe66Trp structure, only a

single conformation of Tyr56 is observed.  The aromatic side chain points away

from the head group binding pocket and, in place of the other conformation, two

water molecules are present (as in the Tyr56Val structure; Figure 3.15).
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Phe66 in wt PLCBc (black)
Trp66 in Phe66Trp mutant (gray)

Figure 3.18.  Phe66 in the structure of wt PLCBc (1AH7) (black) superimposed
with Trp66 in the structure of PLCBc mutant Phe66Trp (gray)

 Given the overall structural similarities of the Phe66Trp and wt structures

and the similarities between their substrate binding sites (Figure 3.15), we are able

to speculate about the reasons for the observed changes in specificity constants

(Table 3.5).  We consider here the possibility that the increases in specificity

constants toward C6PC and C6PE resulting from the replacement of Phe66 of wt

PLCBc by Trp may be attributed to stronger π-cation interactions between the

ethanolamine or choline head groups with tryptophan as compared to their

interactions with phenylalanine.  Similarly to wt PLCBc, the specificity constant

of the Phe66Trp mutant toward the C6PS substrate is presumably low due to the

energetically unfavorable interaction between the negatively charged Glu at

position four and the zwitterionic head group of serine.  However, a structure of

the complex between PLCBc mutant Phe66Trp and a PC or PE substrate analogue

is required to provide any evidence for or against these speculative

rationalizations.
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Structure of the unbound PLCBc mutant Glu4Gln/Phe66Tyr

The replacement of Glu4 and Phe66 in the head group binding pocket of

wt PLCBc by glutamine and tyrosine, respectively, resulted in a significant

increase in the specificity constant toward C6PS and modest decreases in the

specificity constants toward C6PC and C6PE (Table 3.5) thereby endowing

Glu4Gln/Phe66Tyr with selectivity for C6PS.  The replacement of the negatively

charged Glu4 side chain by neutral or positively charged side chains, resulted in

C6PS selective PLCBc mutants in several other cases (Chapter 2).  The significant

difference between glutamic acid and glutamine is that glutamic acid bears a

negative charge on its side chain, whereas glutamine has a neutral side chain.  It is

conceivable that the positively charged choline and ethanolamine head groups

form more favorable interactions with the PLCBc active site in the presence of

negatively charged Glu4.

We determined the structure of the unbound P L CBc mutant

Glu4Gln/Phe66Tyr by X-ray crystallography.  The final model of this C6PS

specific PLCBc mutant Glu4Gln/Phe66Tyr contains 245 residues and three Zn

ions.  The crystallographic R factor is 0.16 and the Rfree is 0.20 with 186 ordered

water molecules included.  Other refinement statistics are shown in Table 3.6.

Procheck results showed that 89.5% of the amino acids were in the generously

allowed regions of the Ramachandran plot and that no amino acids were in the

disallowed regions (Figure 3.19).
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Figure 3.19. A Ramachandran plot showing the f and j angles for each residue
of the refined PLCBc Glu4Gln/Phe66Tyr model.  Glycine residues are shown as
triangles, all other residues are shown as squares.  The shaded areas represent the
most favored regions with the most favored angles.  The more shaded the area, the
more favored the angles.  The plot was created with PROCHECK(142).

The Glu4Gln/Phe66Tyr structure is nearly identical to that of wt PLCBc.

The RMS value between the backbones of wt PLCBc and the Glu4Gln/Phe66Tyr

mutant is 0.49 Å; this calculation did not include the water atoms.  The tyrosine

ring of Tyr66 in the Glu4Gln/Phe66Tyr structure is superimposed with the

aromatic ring of Phe66 in the wt PLCBc structure (Figure 3.20).  The Gln4 residue

in the structure of Glu4Gln/Phe66Tyr is approximately in the same position as

Glu4 in the wt P LCBc structure; although there are small differences in the

conformations of the two side chains (Figure 3.20).  The electron density for the

Gln4 was not very well defined for the side chain.  Tyr56 has only one

conformation in the Glu4Gln/Phe66Tyr structure (pointing away from the
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substrate binding pocket), while it has two conformations in the wt structure.

Furthermore, just like in the Tyr56Val and Phe66Trp structures, two water

molecules are observed in the Glu4Gln/Phe66Tyr structure that are not detected in

the wt PLCBc structure.  Based on the similarity of the overall structure and the

active site of the Glu4Gln/Phe66Tyr mutant to the structure and active site of wt

PLCBc (Figure 3.15), we speculate that the basis for the substrate selectivity

differences of this mutant compared to wt stem in part from the altered charge of

residue 4.  Data in Table 3.5 show that the Glu4Gln/Phe66Tyr mutant has higher

specificity constants toward C6PC, C6PE, and C6PS than the single mutant

Glu4Gln.  As discussed in Chapter 2, tyrosine is thought to form a stronger p-

cation interaction with ammonium ions than phenylalanine, and this difference

may be the reason for the higher specificity constants of the double mutant as

compared to the single mutant.  However, to give validity to these speculative

ideas, a structure of the Glu4Gln/Phe66Tyr mutant in complex with a PS analogue

is required.
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Wt Phe66 (black)
Mutant Tyr66 (gray)

Wt Glu4 (black)
Mutant Gln4 (gray)

Gln4 Nitrogen

Figure 3.20.  On the left: Overlay of Glu4 and Gln4 in the wt PLCBc (black) and
Glu4Gln/Phe66Tyr structures (gray), respectively.  On the right:  Overlay of
Phe66 and Tyr66 in the structures of wt P L CBc and PLCBc mutant
Glu4Gln/Phe66Tyr, respectively.  Unfortunately the density for Glu4 or Gln4 is
not very well defined for the side chains.

3.3.4 Attempts to determine structures of complexes between PLCBc and
inhibitors

Examination of the unbound structures of Tyr56Val, Phe66Trp, and

Glu4Gln/Phe66Tyr mutants (Section 3.2.3) showed that the altered substrate

selectivity profiles of these mutants did not result from large conformational

changes in their unbound three dimensional structures relative to wt and provided

an opportunity for some speculation about the structural basis for the changes in

substrate selectivity profiles.  In the unbound mutant structures, the amino acids

that replaced wt residues were positioned approximately in the same locations and

orientations as the corresponding wt residues.  Charge, size, and hydrogen

bonding ability of the amino acids in the head group binding pocket presumably
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influence the substrate selectivity of these mutants.  However, as discussed above,

the structures of these mutants complexed with substrate analogues are required to

make conclusions about the structural basis for the changes in substrate

selectivity.  With this in mind, we hoped to determine the structures of wt PLCBc

and some of its mutants complexed with nonhydrolyzable substrate analogues.

Unfortunately, the success of these studies was very limited; however, useful

information about possible conditions for soaking PLCBc crystals in solutions

containing substrate analogues was gained.

Attempts to determine the structures of wt PLCBc in complex with C6PE and

C6PS analogues

We attempted first to determine the structures of wt PLCBc with substrate

analogues 4 and 5 bearing ethanolamine and serine head groups, respectively

(Figure 3.21).  Comparison of such structures with that of wt PLCBc complexed

with 1 that bears a choline head group (Section 3.1.3) would perhaps allow for a

better understanding of the substrate selectivity profile of wt PLCBc.

Undergraduate Virginia Lu obtained four wt PLCBc crystals that were used in

soaking experiments with 4 and 5 (Figure 3.21).
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Figure 3.21.  Substrate analogues used in crystal soaking experiments.  C6PE
analogue 4 and C6PS analogue 5 are not hydrolyzed by PLCBc under typical
assay conditions (pH=7.3, 37 °C). The hydroxyl groups are in place to increase
the solubility of this compound.

A crystal of wt PLCBc was soaked in a solution of 4 (1.4 mM) in 35%

saturated (NH4)2SO4 in water for 24 h at room temperature and data were

collected using previously described methods (Section 3.2.2) to give an X-ray

diffraction profile.  When a wt PLCBc crystal was soaked in a 3.0 mM solution of

the C6PS analogue 5 in 35% saturated aqueous (NH4)2SO4, the crystal did not

diffract.  However, when a wt PLCBc crystal was soaked in a solution with a

lower concentration (1.4 mM) of 5, the crystal diffracted.  The structures of the

complexes between wt PLCBc and compounds 4 and 5 were solved using the

structure of wt PLCBc in complex with 1 as the starting model (Section 3.1.3).

Three-dimensional coordinates for ligands 4 and 5 were generated using the

program Corina.  Upon refinement of the wt PLCBc-4 and wt PLCBc-5 models,

the Fo-Fc difference Fourier maps showed insufficient density for the ligands to

determine their accurate positions in the wt PLCBc active site.  In each case, the

ligand density resembled background even at sigma level 2.5.  Thus, we were
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unable to obtain structural details for the complexes of wt PLCBc with 4 or 5.

Further soaking experiments were not possible, because the supply of wt PLCBc

crystals had been exhausted.  However, these studies could be resumed if more

crystals of wt P L CBc were obtained and suitable soaking conditions were

developed.

Attempts to determine the structure of PLCBc mutant Tyr56Val complexed with a

C6PE analogue

In order to gain further insights into the altered substrate selectivity of the

Tyr56Val mutant and to provide evidence for or against the hypotheses formed

based upon the unbound structure, we attempted to solve the structure of this

mutant complexed with a substrate analogue.  Eleven Tyr56Val crystals of

suitable dimensions were available for these studies (Table 3.3).  We set out to

determine the structure of the Tyr56Val mutant with C6PE analogue 4 (Figure

3.21).

 Crystals of Tyr56Val were soaked in artificial mother liquor containing 4.

In the initial experiments, the soaking solution consisted of varying

concentrations of 4 dissolved in 30-40% saturated aqueous (NH4)2SO4 (Table

3.7, entries 1 and 2).  A PLCBc Tyr56Val crystal was transferred from a soaking

solution containing lower concentrations of 4 to solutions with higher

concentrations of 4 in order to gradually acclimate the crystal to solutions

containing higher concentrations of the ligand.  The initial experiments did not

yield usable diffraction patterns, but rather resulted in very few (2-20) diffraction

spots (Table 3.7, entries 1 and 2).  The low number of diffraction spots suggested
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that the high concentrations of 4 in the soaking solution damaged the crystal

lattice.  However, experiments in which wt PLCBc crystals were soaked with 4 or

5 showed that low concentrations of ligand did not result in sufficient density in

the Fo-Fc difference map to accurately determine its position and orientation.

Thus, problems with determining suitable ligand soaking conditions were

considerable.

 4
(mM)

%
AS

%
glycerol

time
(h)

Notes Results

1 3.2 40 - 63
6.3 30 - 3.5
10.6 30 - 24

Cryoprotected in 20
% glycerol, 10.6
mM ligand

2-6 diffraction spots

2 3.2 40 - 66.5
6.3 30 - 24

Cryoprotected in 20
% glycerol, 6.3 mM
ligand

10-20 diffraction spots

3 4.2 30 20 15 No ligand seen at _=3
4 2.1 40 20 18.5

8.4 30 20 19
Density visible at _=3 only
for P and sn2 carbonyl

5 9.5 30 20 19 100 mM DMG to
pH=7.3

No density for ligand at _=3.

6 16.8 - 20 22 At _=3, the P, S, S, O, O,
and sn2 carbonyl are visible.
A full dataset with 5 min
exposures was collected.  P
is visible till ~7 _, but the
head group was still not
visible.

Table 3.7.  Ligand soaking experiments using Tyr56Val crystals. Unless noted, a
separate cryoprotection step was not performed.  For each soaking condition, a
dataset with 1 min/frame images was collected and analyzed.  Rigid body
refinement and 4 cycles of restricted refinement were performed to generate the
Fo-Fc difference map, which was inspected to determine the amount of ligand
density.  AS=(NH4)2SO4.

With the addition of glycerol to the soaking solution (20% final

concentration; Table 3.7, entries 3 and 4), Tyr56Val crystals were not damaged
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even by higher concentrations of 4.  Interestingly, it appears that 20% glycerol

may protect PLCBc Tyr56Val crystals from damage by the ligand.  Furthermore,

given the increased solubility of 4 in the presence of glycerol, this discovery

represents a promising option for increasing the occupancy of the ligand within

the crystal lattice.  Indeed, higher concentrations of 4 in the soaking solution

might increase the chances of obtaining a useful Fo-Fc difference map, provided

that glycerol does not impede the access of the ligand into the active site.  A

crystal of Tyr56Val was soaked in an aqueous solution containing 8.4 mM 4, 20%

glycerol and 30% (NH4)2SO4.  The Fo-Fc difference map showed density for the

phosphorus atom and the sn2 side chain carbonyl of 4 at sigma level 3.0 (Table

3.7, entry 4).  This was a significant improvement from the previous experiments,

but clearly the Fo-Fc density was not sufficient to determine the position and

orientation of the ligand head group.

In other attempts to identify reliable soaking conditions, the soaking

solution was buffered at pH=7.3, the pH at which PLCBc is most active (Table

3.7, entry 5).  The pH values of the unbuffered soaking solutions were

approximately 6.0 (Table 3.7, entries 1-4, 6).  High activity may or may not

indicate tight binding of the ligand in the substrate binding pocket, but it is not

inconceivable that the two parameters were related.  However, no density for the

ligand was observed in the Fo-Fc difference map at sigma level 3.0 (Table 3.7,

entry 5).

Interestingly, the crystal of Tyr56Val was not damaged upon soaking in an

aqueous solution of 4 in 20% glycerol lacking (NH4)2SO4 (Table 3.7, entry 6).
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Typically protein crystals are damaged in the absence of any precipitating agents

such as (NH4)2SO4.  The solubility of 4 is higher in 20% glycerol than in 30 or

40% saturated aqueous (NH4)2SO4.  Hence, this discovery allowed for soaking

mutant crystals in solutions that contained higher concentrations of 4.  Soaking in

an aqueous solution of 16.8 mM 4 and 20% glycerol for 22 h allowed us to obtain

the best difference map for 4.  In this difference map, density at sigma level 3.0

was observed for the phosphorus atom, the oxygen and sulfur atoms attached to

the phosphorus, and the carbonyl group of the sn2 side chain.  Subsequently a

more complete data set with 5 min exposures was collected.  In the Fo-Fc

difference density map, the phosphorus atom of 4 was visible up to sigma level

7.0, confirming the presence of 4 in the active site of Tyr56Val in this crystal

(Table 3.7, entry 6).  Unfortunately, there was no density for the head group even

at sigma level 2.0 in the Fo-Fc difference map, and hence we could not determine

the position or orientation of the ligand head group.  The supply of usable ligand

was exhausted, and further experiments can resume when more ligand is

available.

While we unfortunately did not determine the structure of Tyr56Val in

complex with 4, we learned some useful lessons about soaking PLCBc crystals

with a substrate analogue.  Firstly, 20% glycerol may protect crystals of PLCBc

mutant Tyr56Val from damage by higher concentrations of 4.  Secondly, PLCBc

crystals can be soaked in 20% glycerol in water in the absence of (NH4)2SO4.

Ligand 4 is more soluble in 20% glycerol alone, and this discovery allows for

higher concentrations of 4  to be used in the soaking solutions.  Thirdly,
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maintaining the pH of the soaking solution at pH=7.3, instead of at pH=6.0, did

not result in more ligand density in the Fo-Fc difference map.

The structural analysis of the Tyr56Val mutant in complex with 4 is

gravely hindered by the lack of ligand density in the Fo-Fc difference maps

because the position and orientation of the ligand head group cannot be accurately

determined.  The low ligand density in the Fo-Fc map may result from poor

occupancy of 4 in the crystal lattice.  However, the density for the phosphorus

atom of 4 is quite strong, especially after the crystal had been soaked in a high

concentration of ligand (Table 3.7, entry), indicating that the ligand is certainly

bound in the Tyr56Val active site.  A more likely reason for the low density of the

ligand head group in the difference maps is that the head group undergoes a large

amount of thermal motion.  The structure of the wt PLCBc in complex with a

related compound 1 has been solved in the and the position of the head group has

been determined past by Hough and coworkers (Section 3.1.3).  Perhaps the

differences between ligand 4 and ligand 1 are sufficient to cause the

discrepancies.  Further experiments with different C6PE analogues, perhaps

phosphonates lacking the hydroxyls, might result in more defined ligand densities

in the Fo-Fc maps in the future.  Such structures would allow us to determine of

the position and orientation of the ethanolamine moiety in the active site of

PLCBc mutant Tyr56Val providing grounds for understanding the structural basis

for substrate selectivity.  Continued efforts to determine the structures of PLCBc

mutants with altered selectivities described in Chapter 2 will result in greater
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understanding about the interactions between different ammonium ions with

amino acid side chains.

3.4 CONCLUSIONS

In conclusion, the Asp55Asn mutant of PLCBc was crystallized and its X-

ray structure was solved and refined to 2.0 Å.  The X-ray structures of Asp55Asn

complexed with two nonhydrolyzable substrate analogues were also solved and

refined to 2.0 and 2.3 Å, respectively.  Comparison of these structures with those

of wt PLCBc suggested that Asp55 serves the role of the catalytic base in the

PLCBc catalyzed reaction.

Furthermore, we obtained crystals of several PLCBc mutants and the

structures of the mutants Tyr56Val, Phe66Trp, and Glu4Gln/Phe66Try were

solved.  In the course of these experiments, we gained useful insights to the

crystallization of PLCBc.  The structures revealed that the amino acid

replacements did not result in large conformational changes in the unbound

structures or major rearrangements of their active sites.  The unbound structures

enabled speculation as to the structural basis for the altered substrate selectivity

profiles of these mutants.  The selectivity changes may simply arise from the

different interactions between the substrate head groups with the wt binding

pocket residues compared to the altered binding pocket residues.

In order to gain a deeper understanding of the interactions between the

head groups of the substrates and the substrate binding pocket of PLCBc, the

structures of PLCBc mutants with a substrate analogue of their preferred

substrates are required.  We attempted to solve the structure of the Tyr56Val
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mutant in complex with a PE analogue.  Unfortunately, we did not obtain a

structure in which the accurate position of the ethanolamine head group could be

detected.  However, useful lessons about optimal soaking conditions for PLCBc

were learned.  The quest for ligand bound structures of PLCBc mutants with

altered selectivities continues in the Martin group.  It will probably be useful to

study several different substrate analogues as possible ligands until a ligand is

found that yields clear density in a Fo-Fc map.  These studies taken together are

likely to provide an increased understanding about the interactions between

ammonium ions and amino acid side chains.
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Chapter 4:  Experimental Materials and Methods

4.1 MATERIALS

All chemicals and reagents were stored as per the recommendations of the

manufacturer.  All materials used for DNA or E. coli cell culture work were

sterilized in an autoclave for 20 min prior to use.  Water was purified by the

Barnstead NANOpure purification system from Millipore (Bedford, Ma).

4.1.1 Materials for DNA methods

Restriction enzymes, T4 DNA ligase and Vent polymerase were purchased

from New England Biolabs (Beverly, MA).  AmpliWax PCR Gems were obtained

from Perkin-Elmer (Norwalk, CT).  All oligonucleotides were acquired from

Integrated DNA Technologies (Coralville, IA).  DNA sequencing was performed

at the Davis Sequencing Center (Davis, CA).  The following kits were purchased

from Qiagen (Chatsworth, CA): Qiagen Maxiprep kit, QIAprep Plasmid

Purification Kit, and QIAquick DNA Gel Extraction Kit.  QuikChange Site-

directed Mutagenesis Kit was obtained from Stratagene (La Jolla, CA).  Low and

High DNA MASS Ladders and Supercoiled DNA ladder were purchased from

Gibco BRL.

4.1.2 Materials for protein methods

Amylose resin was purchased purchased from New England Biolabs

(Beverly, MA).  TPCK-treated trypsin (T-8642) and soybean trypsin inhibitor

beads bound to DITC glass (T-9024), ampicillin, and alkaline phosphatase were

acquired from Sigma (St. Louis, MO).  Q-Sepharose, PD-10 columns, and
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chelating Sepharose were obtained from Pharmacia (Piscataway, NJ).  Amicon

concentrators were purchased from Fisher Scientific.  Isopropyl-_-D -

thiogalactopyranoside (IPTG) was acquired from Gibco BRL.

4.1.3 Materials for screening and kinetic assays

The phospholipid substrates 1,2-dihexanoyl-sn-glycero-3-phosphocholine

(C6PC), 1,2-dihexanoyl-sn-glycero-3-phosphoethanolamine (C6PE), and 1,2-

dihexanoyl-sn-glycero-3-phospho-L-serine (C6PS) were purchased from Avanti

Polar Lipids (Alabaster, AL).  The screening and kinetic assays were performed in

96-well plates obtained from Fisher Scientific.  Butterfly membranes were

purchased from Schleicher & Schuell (Keene, New Hampshire).

4.1.4 Materials for crystallization of PLCBc

Plastic microscope slides (18 mm x 18 mm) were obtained from VWR

(West Chester, PA).  Hampton screens 1 and 2 were obtained from Hampton

Research (Laguna Niguel, CA).  White petrolatum grease was obtained from

Kodak (Rochester, NY).  Crystallization experiments were performed in 24-well

polystyrene plates obtained from Beckton Dickinson (Franklin Lakes, NJ).

Capillary tubes were purchased from Charles Supper Company (Nantick, Ma).

The 0.22 microfilters were acquired from Costar (Corning, NY).
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4.2 METHODS

4.2.1 DNA methods

Large-scale purification of wt pMal-plc plasmid

Purification of wt pMal-plc plasmid for DNA mutagenesis experiments

was performed using the Qiagen Maxiprep kit (Chatsworth, CA) as follows.  All

buffer names in this procedure refer to the buffers in the Qiagen Maxiprep Kit.

A single colony containing the wt pMal-plc plasmid was transferred into 5

mL of growth media containing 100 µg/mL ampicillin (LBamp100).  The culture

was grown at 37 ºC, 255 rpm overnight.  The resultant culture was used to

inoculate 400 mL of LBamp100 media in a 2 L flask.  This culture was then grown

for 2 h after which the OD600 was determined once every hour.  Once the OD600

reached 1.0 (typically after 2 additional h), 75 mg chloramphenicol in 3 mL of

ethanol was added.  The culture was grown for 2 h at 37 ºC (225 rpm), and

centrifuged at 4 ºC (6000 g) for 10 min.  The supernatant was discarded, and the

E. coli cell pellet was resuspended in 10 mL of P1 buffer in a 30 mL centrifuge

tube.  Buffer P2 (10 mL) was added, and the centrifuge tube was carefully

inverted four times and allowed to incubate at room temperature for 5 min.

Buffer P3 (10 mL) was added, and the resulting cloudy suspension was inverted

four times and placed on ice for 20 min.  The suspension was centrifuged for 10

min (30,000 g) at 4 ºC.  A maxicolumn (Qiagen Maxiprep kit) was prepared by

eluting it wit 10 mL of buffer QBT.  The supernatant from the centrifugation step

was filtered through a QIAfilter cartridge and poured through the column.  The
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column was washed twice with 30 mL of Buffer QC.  The DNA bound to the

column was eluted with 15 mL Buffer QF (Qiagen Maxiprep kit).  Isopropanol

(10 mL) was added to the eluant, and the suspension was centrifuged for 10 min

(30,000 rpm) at 4 ºC.  The supernatant was discarded, and the remaining pellet

was suspended into 5 mL of 70% ethanol.  Because the DNA pellet was very

small and hard to see, it was helpful to mark the position where the pellet was

expected to form in the centrifuge tube prior to centrifugation.  The solution was

centrifuged for 10 min (30,000 rpm) at 4 ºC, and the supernatant was carefully

discarded.  The pellet was allowed to dry for 5 min at room temperature and then

dissolved into 100 µL of sterile water.

Small-scale purification of pMal-plc plasmid (wt or mutants)

Purification of pMal-plc (wt and mutants) for sequencing and other

analysis was typically performed using the Qiaprep Miniprep kit from Qiagen

(Valencia, CA).  The buffers in this protocol refer to the buffers in the Qiaprep

Miniprep kit.

An E. coli cell colony containing the pMal-plc (wt or mutant) was

suspended in 5 mL of LBamp100 media and grown overnight at 37 ºC (225 rpm).

The culture (2 mL) was centrifuged in a sterile microcentrifuge tube to form a

pellet of cells, and the supernatant was discarded.  This pellet was resuspended in

250 µL buffer P1.  Buffer P2 (250 µL) was added, and the centrifuge tube was

gently inverted four times to mix.  The mixture was allowed to incubate at room

temperature 3-4 min.  Buffer N3 (350 µL) was then added to the tube, and the

resulting cloudy suspension was again inverted four times.  The suspension was



154

centrifuged for 10 min (14,000 rpm) in the microcentrifuge (Eppendorf

Centrifuge 5415 C) at room temperature.  The supernatant was applied to a

QIAprep column by decanting, and the column was centrifuged for 1 min in its

plastic holder.  The eluate was discarded, and the column was washed with 0.75

mL buffer PE by centrifugation in a microcentrifuge for 1 min (14,000 rpm) at

room temperature.  After the eluate was discarded, the column was centrifuged

again as above to remove residual PE buffer.  The QIAprep column was placed

into a sterile 2 mL centrifuge tube, 30 µL of sterile water was added to the center

of the column, and the column was incubated at room temperature for 10 min.

The DNA was eluted by centrifugation in a microcentrifuge for 1 min (14,000

rpm) at room temperature.

Agarose gel electrophoresis of DNA

The purity and concentration of DNA plasmids and linar DNA were

determined by agarose gel electrophoresis.  A 0.8 or 1% agarose gel was prepared

by mixing 0.56 or 0.60 g agarose with 60 mL of water in a beaker.  This solution

was heated in the microwave oven four times for 30 s.  The beaker was stirred

once every 30 s to keep the agarose solution from boiling over.  The agarose

solution was allowed to cool for 20 min at room temperature and 20 µL of

ethidium bromide (1 mg/mL) was added.  The solution was mixed and poured

into a gel cast. A comb was inserted into the gel solution, which was allowed to

solidify for 1 h at room temperature.  Each DNA sample (5 µL) was mixed with 1

µL of loading buffer (80% (v/v) diionized formamide, 45 mM Tris base, 45 mM

boric acid, 1 mM EDTA, 0.05% (w/v) bromophenol blue).  The samples (6 µL
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each) were loaded into the wells of the gel with a pipettor.  Appropriate molecular

weight markers were included (typically Low or High DNA MASS Ladder or

Supercoiled DNA Ladder from Gibco BRL).  The gel box was filled with TBE

buffer (89 mM Tris base, 89 mM boric acid, 2 mM EDTA) to 1 mm above the

surface of the gel.  The leads of the gel box were attached so that the DNA

migrated toward the anode (positive lead), and the current was set at 100 V.  After

the bromphenol blue dye had migrated sufficiently far (depending on size of DNA

fragments), the gel was examined and photographed over a UV light source (312

nM variable intensity transilluminator from Fisher Biotech).

Sequcencing of plcBc (wt and mutants)

The pMal-plc plasmid (wt or mutants) was purified by Qiagen Miniprep

Kit procedure as described above.  The DNA sample concentrations were

estimated by running a small, known volume of the purified plasmid DNA on an

agarose gel with a mass ladder as described above.  The plasmid was adjusted to a

concentration of approximately 250 ng/µL in water.  Three samples of the

plasmid (8 µL each) were sent to Davis Sequencing Facility (Davis, CA).  Three

primers were typically used in the sequencing reactions:  MalE, MalE2, and

MalE3.  These primers (8 µL each) were sent to Davis Sequencing Facility at a

concentration of 3 µM.  The primers were ordered from Integrated DNA

(Coralville, IA) with the PAGE purification option and their sequences were as

follows from 5’ to 3’:

MalE:  5’-GGTCGTCAGACTGTCGATGAAGCC-3’
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MalE2:  5’-GCTTCACATTTCTATGATCCAGAC-3’

MalE3:  5’-GGAAATGGATATTGGAACTGGAAAGG-3’

 Region-specific, random mutagenesis of codons 4, 56, and 66 – generation of the

megaprimer

Random mutagenesis of codons corresponding to Glu4, Tyr56, and Phe66

of PLCBc was performed by a two-step PCR technique.  The first PCR generated

the megaprimer that was subsequently used in the second PCR.  The primers used

in the first reaction are listed below.  In these primer sequences, N represents an

equimolar mixture of A, C, G, and T, and S represents G and C.  The underlined

portion of the oligonucleotide is the noncomplementary, mutagenic region.  Five

identical PCRs were performed simultaneously to increase the yield of

megaprimer DNA.  DNA from the expression plasmid for wt pMal-plc (100 ng)

purified by the Qiagen Maxiprep procedure was used as the template.  Primers

4NNS and rev5666NNS were added to a concentration of 1 pmol/mL for

amplification.  The PCR reaction was carried out using "hot-start" protocol, with

Vent polymerase (1 µL) in a total volume of 100 mL of 1 x Vent polymerase

buffer in water.  All nucleotide triphosphates were at a concentration of 200 mM.

The reaction was performed in a Peltier Thermal Cycler (MJ Research) under

standard PCR conditions (94 °C, 2 min; 1 cycle; 94 °C, 1 min; 55 °C, 2 min; 72

°C, 3 min; 30 cycles; indefinitely, 4 °C) to generate a random assortment of

mutants at positions 4, 56, and 66. The product of the first PCR (the megaprimer
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for the second PCR reaction) was analyzed on a 0.8% agarose gel to verify that

the expected 260 bp product had been formed.

4NNS:  5' CTCGGTACCCGGCCGGGGATCCATCGAGGGTAGGTGGTCTG

CTNNSGATAACATAAAGAAGGTG-3'

rev5666NNS:  5' CATAGAAATGTGAAGCSNNTGTGCTATTATCATAAT

AAGGATTTTCSNNGTCAGAGCATAAATACCG-3'

DNA purification by gel extraction

The 260 bp product from the first PCR was isolated and purified by gel

extraction using the QIAquick gel extraction kit.  The buffers in this procedure

refer to those in the QIAquick gel extraction kit.

The product mixture was first separated on a 0.8% agarose gel.  The

desired DNA fragment (~260 bp) (the megaprimer) was excised from the agarose

gel with a razor blade.  The area of the gel with the highest concentration of DNA

was identified by the intensity of the ethidium bromide band visualized under UV

light.  Only the area where the gel turned bright pink under the UV light (gel

containing a high concentration of DNA) was used.  The gel slice was weighed,

and 100 µL of buffer QG was added for every 100 mg of gel.  The gel slice was

incubated in a waterbath at 50 ºC for 20 min to dissolve the gel completely.  The

tube was vigorously inverted approximately every 2 min to facilitate the

dissolving of the gel.  The mixture in the tube turned yellow when the gel had

dissolved.  Isopropanol (100 _l / 100 mg of gel) was added to the tube.  A
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QIAquick column was placed in a plastic collection tube, and the DNA sample

was poured into this column.  The column was centrifuged for 1 min (14,000 rpm)

at room temperature in a microcentrifuge.  The flow-through was discarded, and

the column was placed in the same collection tube.  The column was washed with

0.75 mL buffer PE and centrifuged as above.  The flow-through was discarded,

and the column was centrifuged again as above.  The column was then placed in a

sterile 2 mL centrifuge tube, and 50 µL of sterile water was added to the center of

the column.  The column was incubated at room temperature for 15 min and then

centrifuged as above.  The resulting eluant containing the DNA was used as the

megaprimer in the second PCR.

Generation of the plcBc insert randomized at positions 4, 56, and 66

Ten reactions were typically performed simultaneously to increase the

yield of the randomized insert.  The second PCR was performed with

approximately half of the product of the first PCR reaction (24 µL) (megaprimer)

and a nonmutagenic backward primer revpMal (1 pmol/µL).  The reaction was

carried out using "hot-start" protocol in a total volume of 100 mL in water.  Vent

Polymerase (1 µL) and pMal-plc template (100 ng) were used for the replication

of DNA.  All nucleotide triphosphates were at a concentration of 200 mM. A

lower annealing temperature was used (94 °C, 2 min; 1 cycle; 94 °C, 1 min; 42

°C, 2 min; 72 °C, 3 min; 5 cycles; 94 °C, 1 min; 55 °C, 2 min; 72 °C, 3 min; 25

cycles; indefinitely, 4 °C).  This reaction generated a ~960 bp fragment of DNA

containing the plcBc gene with random mutations at sites 4, 56, and 66.  T h e

newly synthesized mutagenic DNA product (insert) obtained from 10 reactions
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was combined and purified by gel extraction as described above and eluted into

50 mL of sterile water.  The insert was then subjected to a double restriction digest

as described below.

revpMAL:  5'-GGGTTTTCCCAGTCACGACGTTGTAAAACG-3'

Double restriction digest with restriction enzymes NsiI and EagI

The double restriction was performed in the Peltier thermocycler in

sterilized 500 µL thin walled PCR tubes.  Restriction enzymes (3 µL each) were

added to 48 µL of purified insert in water.  NEB buffer #3 (7 µL) and 7 µL BSA

(1 mg/mL) were also added.  The reaction was incubated at 37 °C for 2 h.  The

vector pMal-plc was digested with the same restriction conditions at a

concentration of 6 ng/mL.  The doubly digested pMal-plc vector and the insert

were purified by agarose gel extraction as described above and eluted into 50 mL

and 20 mL sterile water, respectively.  After purification of the insert and vector,

their DNA concentrations were typically determined using high and low mass

ladders from Gibco BRL in the following manner.  In microcentrifuge tubes, 1 µL

of gel loading buffer was added to 4 _l of each of the following solutions: high

DNA mass ladder, low DNA mass ladder, insert, and vector.  These solutions (5

µL each) were applied onto an agarose gel allowed to migrate on the gel as

described above in Section 4.2.1 in “Agarose gel electrophoresis of DNA”.  The

band intensity of the vector was compared to the band intensity of the high mass

ladder and the band intensity of the insert was compared to the band intensity of

the low mass ladder.  Since the concentrations of the mass ladders were known,
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the DNA concentrations of the insert and vector could be approximated.  The

DNA concentrations of the vector and insert were confirmed by DNA DipStick

Kit from Invitrogen.

Ligation of the of randomized plcBc insert into the vector

Ethanol precipitation was employed to adjust the concentration of agarose

gel purified vector and the mutagenic  insert to approximately 30 ng/µL and 100

ng/_L, respectively.  The following procedure was performed to concentrate the

DNA.  Ethanol at –20 º (2.5 times the volume of DNA) and 0.1 volumes of 3 M

sodium acetate at pH=5 and 2 mg of glycogen were added to the DNA solution.

The suspension was incubated at –80 ºC for 40 min and centrifuged in a tabletop

centrifuge at 14,000 rpm at room temperature for 10 min; the supernatant was

discarded.  The DNA/glycogen pellet was washed with 70% ethanol and

centrifuged as above. The remaining pellet was dissolved in a small volume of

sterile water.  The mutant insert was then subcloned into the doubly digested

pMal-plc vector to generate a pMal-plc with a random assortment of substitutions

at positions 4, 56, and 66 of the plcBc gene.  Ligation of insert to vector was

performed by T4 ligase (1 µL) at 37 °C for 16 h using the Peltier thermocycler

and 1/10 reaction volume of 10x ligase buffer.  The following equation was used

to approximate the relative quantities of vector and insert DNA used for the

reaction.  The ligation mixture was purified by the PCR purification kit from

Qiagen and concentrated by an ethanol purification as described above.

ng vector x 0.9 kB insert x 5/(6.5 kB vector) = ng insert
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Preparation of supercompetent E. coli DH5a_ cells for electroporation

A fresh colony of E. coli DH5a cells was used to inoculate 5 mL of

LBamp100 culture in a sterile, plastic centrifuge tube.  The culture was grown

overnight at 37 ºC (225 rpm).  The resultant culture was diluted into 500 mL of

LBamp100 in a 2 L flask and grown for approximately 3 h until the OD600 = 0.8

was reached.  The cells were harvested by centrifuging at 3000 g for 10 min at 4

ºC and the supernatant was discarded.  The pellet was washed twice with 500 mL

of a sterile, ice-cold solution of 10% glycerol in water.  The suspension was

centrifuged as above, and the supernatant was removed as soon as the rotor

stopped to avoid disintegration of the pellet.  After the second wash, the pellet

was resuspended into 2 mL of 10% glycerol.  The cells were frozen in liquid N2

and stored in 20 µL aliquots at –76 ºC.

Transformation of pMal-plc plasmid (wt and mutants) into supercompetent E. coli

DH5a_ cells by electroporation

Aliquots (20 µL) of electrocompetent cells were thawed out on ice for ~4

min.  The mutagenic pMal-plc DNA plasmid (1-2 mL) was combined with 20 mL

of electrocompetent E. coli DH5a cells.  The cell/DNA sample was thoroughly

mixed and suspended between the metal parts of the chilled microelectroporation

chamber.  The DNA was transformed into E. coli cells using a Cell-Porator with a

voltage booster at 400 amps with the following settings: voltage booster - 4W;

capacitance - 330 mF; charge rate - fast; C volts - low.  After transformation, the

cells were suspended in 1 mL of terrific broth (Gibco BRL) and shaken (200 rpm)

at 37 °C for 1 h.  This suspension of cells (150 mL/plate) was plated onto
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LBamp100 agarose plates, and the plates were incubated overnight at 37 ºC.

Variable numbers of colonies (0-1200) were obtained from such transformations.

Primer design for rational mutagenesis

The primers used in the rational site-directed mutagenesis procedures were

designed individually according to the desired mutation.  The following

guidelines were followed to make the primers.  Two mutagenic primers were

required for each mutation, one forward and one backward.  Primers were

designed to be 25 – 45 bases in length and the melting temperature was designed

to be >78 ºC.  The equation used to estimate the melting temperature of the

primers is shown below.  The desired mutation was designed so that there

were at least ten bases on each side of the mutation.  The primers were

designed so that they would have >40% GC content and terminated in a C

or G.  The primers were ordered from Integrated DNA with the

polyacrylamide gel electrophoresis (PAGE) purification option.

Melting temperature (ºC) = 81.5 + 0.41(%GC) - 675/(primer length in bases) -

% mismatch

Rational, single site-directed mutagenesis of wt and mutants

Rational, single site-directed mutagenesis was performed using

QuikChange Site-directed Mutagenesis Kit (Stratagene, La Jolla, Ca).  Primers

containing the requisite mutations were obtained from Integrated DNA

Technologies (Coralville, IA) (Table 4.1).  DNA from the expression plasmid for

wt pMal-plc (100 ng) was used as the template, and the complementary
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oligonucleotides containing the desired mutation (2.5 ng/mL each) were applied

for amplification.  The reaction was performed in a Peltier Thermal Cycler (MJ

Research) under standard PCR conditions (95 °C, 30 sec; 1 cycle; 95 °C,  30 sec;

55 °C, 1 min; 68 °C, 15 min; 16 cycles; indefinitely, 4 °C) to generate the desired

PLCBc  mutants. To the PCR reaction mixture, Dpn I (1 mL) was added.  The

reaction mixture was mixed by pipeting the solution up and down several times.

The reaction mixtures were spun down in a microcentrifuge for 1 min and

incubated at 37 °C for 1 h to digest the parental supercoiled dsDNA.  The product

was analyzed on a 0.8% TBE agarose gel to verify that the expected 7.4 Kb

product had been formed.  The mutant pMal-plc plasmid was then transformed

into E. coli cells via heat shock by transferring 1 mL of the Dpn I-treated pMal-plc

DNA to 50 mL of the XL1-Blue supercompetent E. coli cells.  The transformation

reaction was gently mixed and incubated on ice for 30 min; it was then heated for

45 sec at 42°C and placed on ice for 2 min.  To this reaction, 0.5 mL terrific broth

that had been preheated to 42 °C was added, and the transformation reaction was

incubated at 37 °C for 1 h at 250 rpm.  Transformed cells were then plated on

LBamp100 plates (150 mL/plate).
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Primer Sequence
H69A1 5’GATAATAGCACATTTGCTTCAGCTTTCTATGATCCAGAC

AATGGAAAAAC -3’
H69A2 5’-GTTTTTCCATTGTCTGGATCATAGAAAGCTGAAGCAAAT

GTGCTATTATC -3’
Y56T1 5’-GCTGCTGACACTGAAAATCCTTATTATG-3’
Y56T2 5’-CATAATAAGGATTTTCAGTGTCAGCAGC-3’
F66Y1 5’-CCTTATTATGATAATAGCACATATGCTTCA-3’
F66Y2 5’-TGAAGCATATGTGCTATTATCATAATAAGG-3’
Y56S1 5’-GGTATTTATGCTGCTGACTCTGAAAATCCTTATTATGAT-3’
Y56S2 5’-ATCATAATAAGGATTTTCAGAGTCAGCAGCATAAATACC-3’
F66E1 5’-GATAATAGCACAGAAGCTTCACATTTC-3’
F66E2 5’-GAAATGTGAAGCTTCTGTGCTATTATC-3’
E4SN1 5’-CACCTTCTTTATGTTTATCSNNAGCAGACCACCTACCCTC-3’
E4SN2 5’-GAGGTTAGGTGGTCTGCTNNSGATAAACATAAAGAAGGTG-3’
Q4G1 5’-CACCTTCTTTATGTTTATCCCCAGCAGACCACCTACCCTCG-3’
Q4G1 5’-GCAGGGTAGGTGGTCTGCTGGGGATAAACATAAAGAAGGTG-3’
E4Q1 5’-TGGTCTGCTGAAGATAAACATAAAGAAGGTGTA-3’
E4Q2 5’-TACACCTTCTTTATCTTCTTTTTCAGCAGACCA-3’
K4E1 5’-GGTCTGCTGAGGATAAACATAAAGAAGG-3’
K4E2 5’-CCTTCTTTATGTTTATCCTCAGCAGACC-3’
V56Y1 5’-CGGTATTTATGCTGCTGACTACGAAAATCC-3’
V56Y1 5’-GGATTTTCGTAGTCAGCAGCATAAATACCG-3’

Table 4.1.  Nucleotide sequences of the primers used in rational mutagenesis.

4.2.2. Screening

Screening for Clones Selectively Cleaving C6PE or C6PS

Preliminary screening of transformants was initiated by culturing colonies

at 37 °C on LBamp100 plates for 30 h.  Each single colony was suspended in 300

mL of filtered buffer A (0.1 M dimethylglutaric acid (DMG), 0.1 mM ZnSO4, pH

= 7.3) in one well in a sterile 96-well plate.  A wt colony was included in each 96-

well plate as a control. To ensure that each well contained approximately equal

cell concentrations, the A600 was used to determine the optical density of the
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suspension.  If the A600 was above 0.2, 50 mL of the cell suspension were

replaced by buffer A.  The A600 was measured again, and adjusted until all wells

had an A600 between 0.1 and 0.2. Aliquots (50 mL) of cells suspended in buffer A

were transferred to three empty 96-well plates to provide an original and three 96-

well replica plates. The original plate containing 150 mL of suspended cells was

stored at 4 °C in order to preserve each clone until the screen was complete.

The three replica plates were used to test the activity of the mutant

enzymes toward C6PC, C6PE, and C6PS. A 50 mL volume of a solution

containing alkaline phosphatase (60 units/mL), substrate (C6PC, C6PE, or C6PS)

(0.4 mM), and trypsin (3 mg/mL) was added to each well in the three replica

plates, and the plates were incubated at room temperature for 30 min. Enzyme

activity in the wells was determined by a Pi quantitation assay(91).  Briefly,

solutions A (2% ammonium molybdate in H2O) and B (10.5% ascorbic acid in

37.5% aqueous trichloroacetic acid) were combined in a 1:1.5 ratio and mixed

immediately prior to use.  A 50 mL aliquot of the A:B mixture was added to each

of the wells, and the contents of the wells were mixed by drawing liquid up into a

multichannel pipette and returning it into the wells in a repetitive fashion.  Two

min after the addition of the A:B solution, 50 mL of solution C (2% sodium

metaarsenite, 2% trisodium citrate in 2% acetic acid in H2O) was added to all

wells.  The blue color was allowed to develop for 20 min, and the A700 was

determined using a microplate reader (Molecular Devices Spectra Max 340).  The

wells with A700 > 0.2 were identified, and the wells containing mutant enzymes

that gave an A700 > 0.2 for either C6PE or C6PS were located on the mother-plate
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and the cell suspensions contained in these wells were grown up in 5 mL of

LBamp100 for sequencing and preservation as glycerol stocks.

The clones that were identified from the preliminary screen were then

subjected to a second screen.  Eight colonies from the LBamp100 agarose plates

for each mutant were subjected to a similar screening protocol as used for the

preliminary screen described above.  The substrates, C6PC, C6PE, and C6PS,

were organized in adjacent wells in a 96-well plate for easy comparison of the

activity of a particular mutant toward the different substrates.  This way each

mutant was screened completely in one plate allowing for no experimental

differences between different plates.  This allowed for a direct comparison of the

qualitative activity of the variant toward the three substrates and only the truly

selective and active variants were subjected to further kinetic analysis.

Additionally, if variability was observed in the results from the eight supposedly

identical colonies, it could be concluded that that particular clone had been

contaminated.  However, the desired clone could be isolated from the plate stored

at 4 ºC, and an uncontaminated glycerol stock could be prepared.

4.2.3. Expression and Purification of Recombinant PLCBc Proteins

Expression of PLCBc (wt and mutants) in E. coli DH5a_ cells

Recombinant wt and mutant PLCBc enzymes were expressed as fusion

proteins with maltose binding protein (MBP) in E. coli DH5a cells.  A single

colony of DH5a E. coli cells containing the recombinant wt or mutant pMALplc

plasmid was suspended into 30 mL of LBamp100 that had been autoclaved for 20
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min on the liquid cycle.  This suspension was incubated at 37 °C shaking at 225

rpm for 12-15 h.  The DH5a E. coli cells multiplied, producing a cell culture,

aliquots of which (5 mL each) were then added to six 4 L flasks containing 1 L

LBamp100 broth each.  These cultures were incubated at 37 °C shaking at 225

rpm until the 1 L cultures reached an optical density (A600) of 0.3 – 0.6. Typically

it was assumed that the six different cultures reach OD = 0.6 at the same time, and

only one or two of the flasks were monitored. At this optical density, IPTG was

filtered into the broth through a 22 _m micro filter attached to a syringe to a

concentration of 70 mg/L to induce protein expression.  The culture was allowed

to grow as above for an additional 15-20 h expressing PLCBc (mutant or wt) as a

fusion protein with maltose binding protein (MBP).  The mixture was then

centrifuged at 5000 rpm for 15 min to isolate the cells, and the supernatant was

discarded.  The cells were typically frozen and stored at –20 ºC.

Purification of PLCBc (wt and mutants)

Typically cells from 3 L of culture were suspended in 70 mL of buffer A

(1 mM DMG, 0.1 mM ZnSO4, pH = 7.3), shaken at 250 rpm until the cell pellet

had completely disintegrated, and sonicated (4 x 30 s) on ice using a Fisher

Scientific 60 Sonic Dismembrator at a power setting of 15.  The sonicated cell

suspension was centrifuged at 17,000 rpm for 10 min at 4 °C, and the supernatant

containing the PLCBc protein was injected onto an amylose column (5 mL

packed) using the FPLC.  Once all of the supernatant had been injected, the

amylose column was washed with 100 mL of buffer A.  The MBP-PLCBc was

then eluted with buffer A + 10 mM maltose collecting fractions (6 mL each).
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Typically three fractions contained pure fusion protein.  These fractions were

combined to give a total volume of 18 mL yielding 20 – 30 mg of MBP-PLCBc.

The yield could be increased by taking the “shoulder” (the fractions (~ 60 mL)

corresponding to the right fourth of the first protein peak preceding the MBP-

PLCBc peak on the FPLC elution diagram) from the wash and by running it

through the amylose column prior to elution.  Trypsin, which was stored at –20 ºC

as 200 µl aliquots of 1 mg/mL solution in water, was added to give a 5 µg/mL

trypsin solution in the MBP-PLCBc eluate; typically 90 µL of 1 mg/mL solution

were added to 18 mL of MBP-PLCBc.  The mixture was then incubated at room

temperature (90 rpm) for 40 min.  Trypsin inhibitor (200 µL) was added, and the

solution was incubated at room temperature for 45 min shaking at 150 rpm.  If the

solution appeared cloudy after incubation, urea was added to 5 M in order to

dissolve any inclusion bodies that were present.

The PLCBc enzyme was separated from the MBP via chromatography on

Q-Sepharose (10 mL packed) and chelating-Sepharose (5 mL packed) resins

(Amersham Pharmacia Biotech A B, Uppsala, Sweden) (with 10 mL of 5 mg/mL

CuCl2 as the metal).  Following the trypsin digest, the protein solution was poured

through a column with a 0.22 _m sterile, non-pyrogenic, costar filter (max psi

100).  Then eluate from this column was poured through a Q-sepharose column

(10 mL) and allowed to flow to a chelating sepharose column (5 mL) with 10 mL

of 5 mg/mL CuCl2 as the metal.  The remaining PLCBc in the Q-sepharose

column was eluted with approximately 20 mL of buffer A into the chelating

sepharose column.  When all the solution had flown through the chelating
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sepharose column, this column was washed with 80 mL buffer B (50 mM

Tris/OAc, 500 mM NaCl, pH=7.5).  PLCBc in the chelating sepharose column

was eluted with buffer B + 10 mM imidazole collecting fractions (3 mL each).

The fractions were checked with the Bradford reagent by mixing 30 µL of the

Bradford reagent with 90 µL of sample.  The fractions with the most protein were

identified by the bright blue color that formed upon addition of Bradford reagent

to the samples in the 96-well plate.  The fractions with the most protein were

combined (about 20 mL) and placed in a dialysis bag with a 10,000 MW cutoff

for 3 h [2 times, against 2 L of 1 mM DMG, 0.1 mM ZnSO4, pH=7.3] at 4 ºC.

Protein quantitation was performed via a Bradford protocol and A280

measurements, and purity was determined by SDS gel electrophoresis(143).

Determination of protein concentration by the Bradford protocol.

To perform the Bradford protocol, the PLCBc sample had to be diluted

into a concentration that lies within the linear range of the assay.  This was

accomplished by a qualitative test as follows.  The following dilutions of the

protein sample were made in 1.0 mM DMG, 0.1 mM ZnSO4, pH = 7.3 to 120 _L:

no dilution, 1/3, 1/10, 1/100, 1/500.  Each solution (120 µL) was mixed with

Bradford reagent (30 µL) in a well in a 96 well plate.  The solution was mixed by

pipetting it repetitively.  The A595 was measured by using a Spectramax 340 plate

reader from Molecular Devices.  The solution that had an absorbance value at 595

nm closest to 0.4 was the most appropriate concentration to use for the assay.

Once the correct dilution factor was determined, 1 mL of the protein solution was

prepared at this concentration.  Two dilutions (1/2 and 3/4) were also made.  The
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assay was performed in triplicate.  Undiluted sample and the two dilutions (120

µL each) were placed in wells in a 96-well plate.  Bradford reagent (30 µL) was

added, and the solutions were thoroughly mixed and incubated for 5 min at room

temperature.  The absorbance reading at 595 nm was determined.  The three

absorbance values at each concentration (minus the blank) were averaged.  The

concentration of protein was then determined from the equation below.  The

average of the concentration values for the three dilutions was calculated as

follows:

mg/mL protein = A595 / 0.101 / volume of protein in the well x 1/ dilution factor

Determination of protein concentration by A280 measurements.

Three dilutions (400 µL each) of the protein sample were made:  1/2, 1/10,

and 1/100.  The A280 measurement for each of these dilutions was obtained.

Based on this initial test (and additional tests if needed), a dilution (400 µL) was

made that gave an A280 measurement in the linear range (0.4-0.9).  To convert

A280 to protein concentration in mg/mL the following formula was used:

mg/mL protein = A280 x 0.475 x 1/dilution factor

4.2.4. Kinetic Analysis

Kinetic assay that yields values for  kcat and KM

The kinetic constants kcat and KM of the mutant enzymes were determined

using a sensitive, enzyme-coupled assay that is based on the quantitation of

Pi(91). In the early kinetic assay protocol, the substrate concentration versus
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initial velocity data was fitted to the Michaelis-Menten equation (equation 4.1)

shown below.  The values for the kinetic constants kcat and KM were determined

from this fit.  In this protocol, twelve different C6PC and C6PS solutions with

concentrations ranging from 1 – 30 mM were prepared and placed in the wells of

96-well plates (50 _L/well) so that each column represented a different substrate

concentration.  Similarly, twelve different C6PE solutions with concentrations

ranging from approximately 1 – 15 mM were prepared and placed in the wells

(100 _L/well).  More dilute C6PE solutions had to be used because C6PE was not

as soluble as C6PC or C6PS.  To these wells containing C6PC, C6PE, or C6PE,

buffer (0.1 M DMG, pH = 7.3) (50 µL) was added, and the 96-well plate was

incubated at 37 ºC for 10 min in a water bath.  A solution of PLCBc (wt or mutant)

was prepared.  Because the suitable concentration of a new mutant PLCBc to be

used in the assay was not known, a preliminary assay was performed to determine

the appropriate enzyme concentration to be used for the assay.  In a preliminary

assay, only one substrate concentration was tested (typically 2 mM), and a

separate assay was performed for each substrate.  Some of the concentrations used

for specific mutants in the kinetic assay are listed below.  The enzyme solution

was prepared in a buffer (1.0 mM DMG, 0.1 mM ZnSO4, pH = 7.3) containing

0.167 mg/mL bovine serum albumin (BSA).  After the 96-well plate was

incubated for 10 min, 50 µL of enzyme solution was added to the wells using a

multichannel pipettor, adding the enzyme to an entire row of the plate at exactly

the same time.  For C6PE, 25 µL of enzyme solution at appropriate concentration

was used.  After carefully measured time points (20, 40, 60, 80, and 100 s) the
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reactions were quenched with 50 µL of 2 M Tris containing 0.4% sodium dodecyl

sulfate (SDS) at pH of 8.0.  A blank row was included to which the Tris solution

was added before adding the enzyme.  Alkaline phosphatase (60 u/mL) (25

µL/well) was then added to all wells, and the plates were incubated at 37 ºC for 1

h to allow the alkaline phosphatase to cleave the phosphorylated head groups.

Quantitation of Pi was performed exactly as described in the Section “screening

for clones selectively cleaving C6PE or C6PS”.  The blue color was allowed to

develop for 20 min, and the absorbencies at 700 nm were determined using a

microplate reader.  The absorbance values were converted to _mol of product

generated by using predetermined extinction coefficients (C6PC, 33.6 A700/ng;

C6PE, 46.4 A700/ng and C6PS, 44.6 A700/ng).  These absorbance values were

plotted against time (min) for each substrate concentration in Excel.  A straight

line was obtained if the assay had been performed properly, and the slope of this

line equaled the initial velocity value in nmol/min.  These values were divided by

the mg of PLCBc (wt or mutant) in each well in the assay to obtain the initial

velocity per mg of enzyme (nmol/min/mg).  These initial velocity values were

plotted against substrate concentrations in mM.  The data points were fit to the

Michaelis-Menten equation (equation 4.1) using the program KaleidaGraph.  The

kinetic parameters Vmax and KM were obtained from the non-linear least squares

fit of the data and Vmax was converted to kcat using a molecular weight of 28,500

kD for PLCBc (wt and mutants).  Values for both kcat and KM were thus obtained.

vi = (Vmax x [S])/(KM + [S])   (equation 4.1)
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Concentrations of mutant enzymes used in assays at high substrate concentrations

E4G, PC = 0.031 nM, PE = 0.046 nM, PS = 0.015 nM; E4Q/Y56/F/66Y,

PC = 0.050 nM, PE = 0.051, PS = 0.0072 nM.

Kinetic assay that yields values for  the specificity constants (kcat/KM )

As described in chapter two, there were problems with the type of kinetic

analysis described above for PLCBc and its mutatnts.  Substrate concentration

versus initial velocity data could not be fit to the Michaelis-Menten equation

(equation 4.1) at sufficiently high substrate concentrations to determine kcat

effectively because the substrates formed micelles, and the initial velocities

changed.  However, this analysis was described because it was used extensively in

the early stages of determining the substrate selectivities of the PLCBc mutants

obtained from screening experiments.  Additionally, a few of the mutants were

later analyzed by this method to compare the results to those obtained from the

improved method discussed here.

In the new method, the initial velocity versus substrate (C6PC, C6PE, and

C6PS) concentration data was measured at lower substrate concentrations that

were well below their CMCs in the assay buffer, so that they were monomeric.

The assays were performed in duplicate.  The ratio kcat/KM was obtained, but it

was not possible to determine the values for kcat and KM separately.  The

specificity constants (kcat/KM) of the mutant enzymes were determined using a

sensitive, enzyme-coupled assay that is based on the quantitation of Pi(91).  In

this protocol, twelve different C6PC, C6PE and C6PS solutions with

concentrations ranging from approximately 0.02 - 1 mM were prepared and
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placed in the wells of 96-well plates (50 µL/well) so that each column represented

a different substrate concentration.  To these wells containing C6PC, C6PE, or

C6PE, buffer (0.1 M DMG, pH = 7.3) (50 µL) was added, and the 96-well plate

was incubated at 37 ºC for 10 min in a water bath.  A solution of PLCBc (wt or

mutant) was prepared.  Because the suitable concentration of a new mutant PLCBc

to be used in the assay was not known, a preliminary assay was performed to

determine the appropriate enzyme concentration to be used for the assay.  In a

preliminary assay, only one substrate concentration was tested (typically 0.3

mM), and a separate assay was performed for each substrate.  Some of the

concentrations used for specific mutants in the kinetic assay are listed below.  The

enzyme solution was prepared in a buffer (1.0 mM DMG, 0.1 mM ZnSO4, pH =

7.3) containing 0.167 mg/mL bovine serum albumin (BSA).  After the 96-well

plate was incubated for 10 min, 50 µL of enzyme solution was added to the wells

using a multichannel pipettor, adding the enzyme to an entire row of the plate at

exactly the same time.  After carefully measured time points (20, 40, 60, 80, and

100 s) the reactions were quenched with 50 µL of 2 M Tris containing 0.4%

sodium dodecyl sulfate (SDS) at pH of 8.0.  A blank row was included to which

the Tris solution was added before adding the enzyme.  In these assays, the

concentrations of mutant enzymes were varied from 0.02 to 8 nM to give

adequate responses in the assay.  Some of the concentrations used are listed

below.

Alkaline phosphatase (60 u/mL) (25 _L/well) was then added to all wells,

and the plates were incubated at 37 ºC for 1 h to allow the alkaline phosphatase to
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cleave the phosphorylated head groups.  Quantitation of Pi was performed exactly

as described in the Section 4.2.2. “screening for clones selectively cleaving C6PE

or C6PS”.  The blue color was allowed to develop for 20 min, and the

absorbencies at 700 nm were determined using a microplate reader.  The

absorbance values were converted to _mol of product generated by using

predetermined extinction coefficients (C6PC, 33.6 A700/ng; C6PE, 46.4 A700/ng

and C6PS, 44.6 A700/ng).  These absorbance values were plotted against time

(min) for each substrate concentration in Excel.  A straight line was obtained if

the assay had been performed properly, and the slope of this line equaled the

initial velocity value in nmol/min.  These values were divided by the mg of

PLCBc (wt or mutant) in each well in the assay to obtain the initial velocity per

mg of enzyme (nmol/min/mg).  These initial velocity values were plotted against

substrate concentrations in mM.  A straight line was obtained if the assay had

been performed properly, and the slope of this line equaled the initial velocity

value in nmol/min.  These values were divided by the mg of PLCBc (wt or

mutant) in each well in the assay to obtain the initial velocity per mg of enzyme

(nmol/min/mg).  These values were plotted against substrate concentrations in

mM in Microsoft Excel to form a straight line (equation 4.2) because data was

measured well below KMs.  The data points were fit to a first order polynomial

(Equation 4.2) using the program Microsoft Excel.  The slope of the first order

polynomial equaled the kinetic parameter Vmax/KM, which was converted to the

specificity constant kcat/KM using a molecular weight of 28,500 kD for PLCBc (wt

and mutants).
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vi = (Vmax x [S] / (Km)) + constant  (Equation 4.2)

Concentrations of Mutant Enzymes Used in Kinetic Analysis

 The protein concentrations for the assays of wt with C6PC, C6PE, and

C6PS were 0.036 nM, 0.073 nM, and 0.181 nM, respectively.  Similarly, the

protein concentrations for other mutants with the phospholipids were as follows:

E4K/Y56V, C6PC = 1.46 nM, C6PE = 0.73 nM, C6PS = 0.42 nM;  E4K, C6PC =

0.86 nM, C6PE = 1.29 nM, C6PS = 0.077 nM;  Y56V, C6PC = 0.068 nM, C6PE

= 0.034 nM, C6PS = 0.068 nM;  E4Q, C6PC = 0.060 nM, C6PE = 0.082 nM,

C6PS = 0.022 nM;  Y56T, C6PC = 0.039 nM, C6PE = 0.010 nM, C6PS = 0.039

nM;  F66Y, C6PC = 0.031 nM, C6PE = 0.019 nM, C6PS = 0.050 nM;

E4Q/Y56T, C6PC = 0.17 nM, C6PE = 0.074 nM, C6PS = 0.029 nM;

Y56T/F66Y, C6PC = 0.20 nM, C6PE = 0.033 nM, C6PS = 0.11 nM;  E4Q/F66Y,

C6PC = 0.030 nM, C6PE = 0.044 nM, C6PS = 0.012 nM;  Y56S, C6PC = 0.13

nM, C6PE = 0.032 nM, C6PS = 0.22 nM; E4Q/Y56S/F66Y, C6PC = 0.29 nM,

C6PE = 2.28 nM, C6PS = 0.091 nM; E4G/Y56T/F66Y, C6PC = 0.088 nM, C6PE

= 0.044 nM, C6PS = 0.022 nM.  E4G, PC = 0.109 nM, PE = 0.910 nM, PS =

0.036 nM; E4Q/Y56T/F66Y, PC = 0.42 nM, PE = 0.095 nM, PS = 0.047 nM;

Y56L/F66L, PC = 4.10 nM, PE = 0.79 nM, PS = 1.96 nM; E4D/Y56D/F66N, PC

= 7.95 nM, PE = 0.99 nM, PS = 7.95 nM; E4G/Y56T/F66N, PC = 0.19 nM, PE =
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0.47 nM, PS = 0.19 nM; E4G/Y56I/F56N, PC = 1.87 nM, PE = 0.37 nM, PS =

0.60 nM.

4.2.5.  PLCBc crystallization and ligand soaking experiments

Preparation of purified PLCBc for crystallization

This protocol was used prepare several PLCBc mutants (E4Q, E4Q/F66Y,

E4K, and Y56V) for crystallization and protein purified in this manner was

successfully crystallized as described below.

The PLCBc (wt and mutants) intended for crystallization experiments was

first expressed and purified as described above (Section 3.2.3).  However, the

chelating sepharose column was often omitted because it was found unnecessary

for the success of crystallization of PLCBc.  The following procedure was used

after purification of PLCBc (wt and mutants) to further purify the protein and

obtain sufficiently pure PLCBc for crystallization.  Instead of dialysis in 1 mM

DMG, 0.1 mM ZnSO4, pH=7.3, the protein from the Q sepharose column was

placed in dialysis bags with a 10,000 MW cutoff for 2 h [2 times, against 2 L of

sodium acetate (0.1 M, pH = 6.0)] at room temperature.  Following dialysis, the

PLCBc solution was heated to 70 °C for 15 min in test tubes that were inserted

into the metals holders of a hotplate.  The hotplate temperature was monitored

using a mercury thermometer.  The resulting cloudy suspension was centrifuged

for 15 min at 18,000 rpm at 4 °C, and the white protein pellet that formed on the
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bottom of the centrifuge tube was discarded.  The supernatant was filtered and

heated to 85 °C for 15 min.  The resulting cloudy suspension was centrifuged for

15 min, and the supernatant was discarded.  The white protein pellet remaining on

bottom of the centrifuge tube was washed twice by resuspending it into 20 mL

sterile water and centrifuging the suspension as before.

After the second wash, the supernatant was discarded, and the pellet was

dissolved into 3 mL of 4 M guanidinium chloride in 0.1 mM sodium acetate, (pH

= 6.0) and incubated at room temperature for 1 h.  The solution was then placed in

a 10,000 MW cutoff dialysis bag in 2 L of 0.1 M DMG and 1 mM ZnSO4 at pH

7.3 for minimum of 3 h; this procedure was performed twice.  After dialysis, the

PLCBc solution was concentrated in an Amicon concentrator for 2.5 h to a volume

of 300 - 600 _L.  At this point, the PLCBc solution was precipitated by adding

saturated (NH4)2SO4 (2.1 times the volume of the PLCBc solution) to the PLCBc

solution. The cloudy suspension was centrifuged at 10,000 rpm for 8 min.  The

supernatant was discarded, and the protein pellet was dissolved in 20 – 30%

(NH4)2SO4.  This solution was centrifuged for 10 min (14,000 rpm) at 4 ºC in

order to separate any dust particles or protein that was not in solution, and the

supernatant was carefully transferred to a clean centrifuge tube.  The protein

concentration was determined at A280 using extinction coefficient of 0.47

(mg/mL)-1 x cm-1 and adjusted to 3 - 4 mg/mL.  The size and purity of the protein

was determined by an SDS PAGE gel to ensure that each crystallization trial was

performed with pure PLCBc or mutant without undesired substitutions or

deletions.
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PLCBc crystallization by hanging drop method

After purification and preparation of protein as described above, this

protocol was successfully used to crystallize the following PLCBc mutants:  E4Q,

E4Q/F66Y, E4K, and Y56V.  Twenty-four plastic microscope slides were rinsed

in ethanol and then in sterile water and allowed to air dry on paper towels for 5 –

10 min.  Petrolatum grease was applied onto the rims of the wells in a 24-well

plate.  A solution (400 µL) of 30 – 45% saturated (NH4)2SO4 in water was added

to each well.  For example, the six wells in the top row of the plate were filled

with 30% saturated (NH4)2SO4, the second with 35%, the third with 40%, and the

wells in the bottom row were filled with 45% saturated (NH4)2SO4.  A 7 µL drop

of PLCBc (wt or mutant) (3.5-4.5 mg/mL) in 20-30% (NH4)2SO4 in water was

applied onto each microscope slide using a sterile pipette tip, and the slides were

sealed carefully but tightly over the wells in the 24-well plate. They were then

stored at room temperature to allow vapor phase diffusion to take place. The

plates were inspected for crystals after two d.  Crystals typically appeared after 2-

7 d but occasionally also after 3-5 mo.  Crystals were typically approximately 0.5

mm (longest dimension) in size.

Preparation of purified PLCBc for crystallization (D55N mutant)

A slightly different procedure was used to prepare the PLCBc mutant

D55N for crystallization because the more reproducible procedure described

above had not yet been developed.  The procedure described here did not yield

crystals of other PLCBc mutants.  No urea was used to solubilize the maltose

binding protein–PLCBc fusion construct.
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The purification protocol described in Section 4.2.3 was followed up to

the dialysis step.  The enzyme solution was then concentrated to approximately

two mg/mL by a 10,000 D molecular weight cut off Centriprep Centricon.  The

concentration of (NH4)2SO4 was adjusted to 3.5 M by adding a solution of

filtered, saturated aqueous (NH4)2SO4.  The cloudy suspension was centrifuged at

10,000 rpm for 4 min.  The supernatant was removed, and the precipitated

enzyme pellet was dissolved in sterile water to a final concentration of

approximately 7 mg/mL.  This solution was filtered through a 22-mm sterile filter

(Costar, Cambridge, Ma).  The size and purity of the protein prepared for

crystallization was determined by an SDS PAGE gel to ensure that each

crystallization trial was performed with pure PLCBc without undesired

substitutions or deletions.

Crystallization of the PLCBc D55N mutant

The following protocol was successfully used to crystallize the PLCBc

mutants D55N.  However, this protocol did not yield crystals of any other PLCBc

mutants.

The D55N mutant of PLCBc was prepared for crystallization as described

above in the Section “Preparation of purified PLCBc for crystallization (D55N

mutant)”.  The D55N mutant (3.75 mg/mL in 24.6% saturated, aqueous

(NH4)2SO4) (6.9 µL) was placed on 18 mm x 18 mm plastic microscope slides

that had been sterilized in ethanol and rinsed in sterile water.  The slides were

placed on greased wells of a 24 well plate that contained 40% saturated, aqueous

(NH4)2SO4 to effect vapor phase diffusion at room temperature.  Initial crystals
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appeared in 2-3 d, and these grew over a period of two weeks to crystals having a

longest dimension up to 0.6 mm.

Ligand soaking experiments

Crystals containing PLCBc (wt or mutants) complexed with the inhibitors

were formed by soaking a PLCBc (wt or mutant) crystal in an artificial mother

liquor (30 - 45% saturated (NH4)2SO4 in water) with varying concentrations of

the inhibitor compound for varying times at room temperature (see Chapter 3 for

specific information).  In some cases the soaking solutions were prepared by

adding solid inhibitor compound to the mother liquor and sonicating the mixtures

for 6 h to facilitate dissolution of the ligand.  In some experiments the soaking

solution was made with 20% glycerol instead of water.

4.2.6. Data collection

Cryo-protection of PLCBc crystals

A drop (10 µL) of cryoprotectant (20% glycerol in water (v/v)) was

pipetted onto a microscope slide.  Under a microscope, a PLCBc crystal (wt or

mutant) was quickly transferred from its growth drop to the cryoprotectant drop

using a magnetic wand as quickly as possible to minimize its exposure to air.  The

magnetic wand was handled with care because the nylon loop was very fragile.

The PLCBc crystal was allowed to soak in the cryoprotectant for 1-2 min.  A

magnetic wand attached to a crystal cap, a part that fits the goniometer head, was

used to transfer the PLCBc crystal to the goniometer quickly.  Alternatively, cryo-

tongs were placed around the crystal cap and the crystal was dipped into liquid
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nitrogen for 1 min and then transferred to the cold stream as described above.

Both methods worked and were used to collect data from different mutants.  The

goniometer head was placed so that the crystal was positioned under a liquid

nitrogen cold stream where the crystal stayed during data collection to minimize

decay.

Data collection using RAXIS

PLCBc crystal (wt or mutant) was centered and aligned using the

goniometer head to be in a position where the majority of the X-rays passed

through the crystal.  PLCBc crystal was exposed to X-rays produced by a Rigaku

RU200 rotating copper anode (Molecular Science Corporation, Woodlands, TX)

operated at 50 kV and 100 mA at approximately –120 ºC.  X-rays diffracted by

the PLCBc crystal were directed onto a Rigaku Raxis IV image plate detector.

After a crystal that yielded a desirable diffraction pattern from a 1 min exposure

was identified, the first image was processed and reduced with the programs

DENZO and SCALEPACK. (137)  The program STRATEGY was used to

suggest the shortest oscillation range which would provide a complete or an

almost complete (>90%) data set.  At this point the parameters were set and data

collection ensued.  The details about each collection are described in Table 4.2.
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Tyr56Val Phe66Trp Glu4Gln/
Phe66Tyr

Date of collection 02.12.2003 03.03.2003 05.02.2003
Start _ (º) 109 260 75
Film Distance
(mm)

120 140 180

Time/exposure
(min)

35 10 6

__ 1.1 1.0 1.3
Temperature of
data collection ºC

-121 -177 -175

Number of
exposures

69 63 100

Radiation Source ROTATING
ANODE

ROTATING
ANODE

ROTATING
ANODE

X-ray generator
model

RGAKU RU200 RGAKU RU200 RGAKU RU200

Monochromator DOUBLE
FOCUSING
MIRRORS (NI &
PT) + NI FILTER

DOUBLE
FOCUSING
MIRRORS (NI &
PT) + NI FILTER

DOUBLE
FOCUSING
MIRRORS (NI &
PT) + NI FILTER

Wavelength 1.5418 1.5418 1.5418
Detector Type IMAGE PLATE IMAGE PLATE IMAGE PLATE
Detector
Manufacturer

RIGAKU RAXIS IV MAR345 MAR345

Space group P43212 P43212 P43212

Collimation (mm) 0.5 0.5 0.5

Table 4.2.  Data collection parameters for PLCBc mutants Tyr56Val, Phe66Trp,
and Glu4Gln/Phe66Tyr.

Data collection using MAR.

After flash freezing the PLCBc crystal in liquid nitrogen it was exposed to

X-rays generated by Rikagu RU-200H Cu K_ X-ray source using Osmic confocal

mirrors and a MAR345 imaging-plate system.  A liquid nitrogen cold stream from

an Oxford Instruments Cryojet was used to maintain the temperature of the crystal
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at –180 ºC.  The diffraction data were processed and reduced with the programs

DENZO and SCALEPACK (Otwinowski and Minor, 1997).

4.2.7 Solving PLCBc Structures

Solving PLCBc structures

After collection of the dataset, XDISPLAY, DENZO, and SCALEPACK

from the HKL suite were used to index and scale the reflection intensities.  All

PLCBc datasets were indexed in the P43212 space group, the primitive tetragonal

space group.  Crystals of all PLCBc mutants were isomorphous with those of wt

PLCBc(101).  PLCBc crystal data are summarized Chapter 3.  The wt model (PDB

ID 1AH7) was used as the initial model for the mutant models(98).  The residues

that were different from wt in the mutant were converted to alanine in the wt

model with O, using the command MUTATE_RESIDUE to create the starting

point for the mutant model.  Prior to refinement, 7-10% of the reflections were set

aside for cross-validation(138).  Positional refinement of the resulting models was

carried out using Refmac(139).  To facilitate manual rebuilding of the model,

difference maps and 2Fo-Fc maps, weighted by the SIGMAA method(140), were

prepared.  Model building was carried out on a Silicon Graphics Indy computer

using O(141).  Arpwarp from Refmac(139) was used to help position bound

solvent molecules.  The refined structures were analyzed using

PROCHECK(142).

For the ligand bound structures, difference Fouriers were used to fit the

initial models of the bound inhibitors using the previously determined structure of
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the phosphonate inhibitor bound to the wild-type PLCBc, which was generously

provided by Professor Edward Hough, as a starting model.

Generating Figures

All ribbon drawings and stereo picures were produced using MOLSCRIPT and

BOBSCRIPT(144).  Superimposition of model coordinates were performed in

SwissPDBviewer.
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