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Abstract: Recent researches together with development and application advances of the molecular protein en-

gineering are reviewed. The site-directed mutagenesis and chemical modification are discussed. The advan-

lages of site-specific mutagenesis over chemical modification are its high specificity of site mutation and al-

most fiee approach of engineering proteins by fusing new and foreign functional groups or deleting some origi-

nal goups.
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Proteins are the main functional bio-molecules which
are so useful that they can be employed as therapeutic a-
gents, catalysts, and materials. A large number of diseases
stem fiom mutations in proteins, which make these proteins
malfunction. In some cases, catalysis may be damaged and
so metabolic pathways may be changed, e. g , phenylke-
tonuria. In other cases, structural properties may be im-
paired, leading to a loss of physiological function, e. g.,
muscular dystrophy. Some transmissible encephalo-
pathies esult from proteins which have been changed in
shape and foming of polymers. Many cancers result from
mutation proteins, and about 50% of human cancers are
caused by mutations in the tumor suppressor pS3 that has
lower stability. Enzymes and signal receptors are the major

taigets of drugs used for either to restore function or to de-
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stroy infectious factors of cancers. M eanwhile, in the aspects
of fine-chemical synthesis for the resolution of racemic mix-
lures into one enantiomer, biosensors, pharmaceuticals for
erzyme replacement therapy, and commercial catalysts in
food processing and detergent applications, the great poten-
tial application of biocatalysts have necessitated the devel-
opment of biocatalysts in natural catalytic characteristics.
The ultimate goal of protein science is to elucidate the wela-
tionship of structure and activity of proteins and to design
and synthesize novel catalysts, materials and drugs that will
be able to eliminate diseases, minimize ill health, and im-
prove our life in diverse aspects. To achieve the goal, chem-
ical modification and site-directed mutagenesis are the key
approaches. Combined with mass spectrometrys X-ray crys-
tallography and NM R spectroscopys these approaches would
speed up structural characterization at a rapid pace.

1 Chemical modification

Amino acid side chains of protein react with a variety
of chemical reagents to form covalent bonds. The principal
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chemically reactive goups in proteins are nucleophiles.
These are gererally founded in the same groups at the ac-
tive sites of enzymes, and are responsible for catalysis. The
nucleophiles are the potent toward “hard” electwophilic
centres such as the carbonyl, phosphoryl, and sulfuryl
groups, including the —OH of serine, threonine, and tyro-
sine; the €-NH2 group of lysine and a-amino goups of the
N-termini; the imidazole ring of histidine; the —S  of cys-
teine; and the — CO» of aspartate, glutamate, and the C-
temini. The nucleophiles are also reactive with varying de-
grees toward “soft” electrophiles such as saturated carbon.
Additionally, the S atom in the side chain of methionine is
nucleophilic toward “soft” electwophiles, as is the aromatic
ring of tyrosine. Two important classes of reagents that are
used to modify the nucleophilic side chains are the acylat-
ing and similarly reacting agents, and the alkylating agents.
However, the reagents tend to be monspecific and to react
with any accessible amino acid residue that has the appro-
priate chemical nature, with variable comsequences. Cova-
lent modification of an enzyme may lead to an irreversible
loss of activity in such situations as  a catalytically essen-
tial residue is blocked, substrate binding is sterically im-
peded, the protein is distorted or its mobility is impaired.
Alternatively, modification may not affect activity if an un-
important residue is modified, or the inhibition may be only
transitory if the chemical reaction is reversible.
1.1 Protein chemical modification reactions

Chemical modification of proteins was once mainly
used in the amino acid sequence analysis and the identifi-
cation of residues at the catalytic and binding sites of pro-
tein. G lazer et al.'” presented the reactions and quantita-
tive methods for each amino acid as well as the end-group
reactions for the detemination of NH2-teminal and COOH-
terminal residues with specific chemical reagents. Spectro-
scopic probes may be covalently linked to certain regions of
pwoleins, e. g., fluorescent derivatives such as the dansyl
group may be linked to amino groups, spin labels such as
nitroxide derivatives may be attached to cysteine residues
and tywsine residues may be modified by nitration. These
pwbes are used to examine local structure or overall confor-
mation.

However, the profound importance of protein chemical
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modification in affecting protein biological functions has at-
tracted lots of interest of chemists and re-merged as a pow-
erful complementary approach to site-directed mutagenesis
and directed evolution for tailoring proteins and erzymes.
Prior to the site-directed mutagenesis, chemical modi-
fication was used to cnvert the active site serine residue in
subtilisin to a c¢ysteine residue, producing thiolsubtil-
isif » ¥ . The effect of this change was to eliminate the en-
zyme’ s amide hydwlysis activity and preserve esterase ca-
pability. Interestingly, this mutated catalyst also showed a
useful peptide ligase activity since it lacks the ability to de-
grade the resulting amide product” . An exciting extension
of this work produces a selenosubtilisin variant that contains
a selenogysteine at the same position[q . The hydrolytic and
acetyltransferase properties of this modified emzyme paral-
leled the reactivity profile observed for thiolsubtilisin. The
inclusion of the redox active selenium atom, however, pro-
duces an enzyme with a pewxide-reducing activity similar
to that of glutathione peroxidase[ 9 An important develop-
ment in the “chemical mutagenesis” of emzymes is the
preparation of flavopapains by Kaiser and his col-
leagues' " ¥
alkylation of a specific cysteine esidue presented in papain

. These novel mutants were prepared by the

(Cys25) by reactive flavin analogs. As flavins can catalyze
a variety of transformation, a number of different reactions
can be studied using flavopapains. Capitalizing on the cwn-
cept developed with flavins, several other types of catalytic
groups have been attached to proteins in order to either al-
ter the chemical reactions performed by specific enzymes or
introduce reactive functionality into proteins devoid of
catalytic activity.
1.2 Strategies for the covalent modification of pro-
teins with cofactors and metal- chelating groups

(a)Flavin cofactor, (b) Thiazolinium cofactor, (c)
Bipyridine metal-binding ligand, (d) Phenanthroline metal-
binding ligand, (e, ) EDTA-based metal-binding ligands
and (g) Pyridoxamine wfactor. Protein attachment to fom
proceeds (a~ d and f) by cysteine alklation, whereas conju-
gation to produce forms (e g) via disulfide-bond foma-
tion.

It is also desirable to contwl specificity by chemical
Schultz  and modified
Staphylococcal nuclease, an enzyme that cleaves DNA with

modification. co-workers
little sequence specificity, a deoxyoligonucleotide of define

sequence 15 bases in length near the enzyme active site.
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The resulting conjugate cleaved a complementary single-
stranded DNA segment 64 nucleotides in length almost ex-
clusively at a single site!? .

Chemical modifications are also actively employed in
following ways: the cross-linking of proteins by bi- and
poly-functional reagents such as dimethylsuberimidate, in
order to increase stability, particularly for nonaqueous ap-
plication; the insertion of radioactive tags into molecules;
the searching of unusually reactive groups by high reaction
rates; the measuring of the exposure degree of groups to sol-
vent from their activity with reagents; the assessment of
groups by the effect of modification on reaction rates in
catalysis; the irreversibly inhibiting activity. Potein engi-
neering via DNA manipulation has largely replaced chemi-
cal modification in assessing the wle of side chains in
catalysis and binding.

A unique advantage of chemical modification, which
can not be achieved by site-directed mutagenesis alone, is
to incorporate a protein with a nonnatural amino acid. The
resulting novel protein may possess some new or enhanced

pIopeIties[ 1010

2 Site-directed mutagenesis

Until 1980s, the chemical modification is the only way
to test mechanisms by altering the groups in catalysis. This
technique is restricted to chemically reactive side chains,
and is often nonspecific, and also frequently makes signifi-
cant changes such as producing steric bulk and grossly
changing the properties of the site chain. Site-directed mu-
tagenesis can be used to make ratiomal design and construc-
tion of novel poteins. For instance, it can be used to do the
dissection of structure and the exanination of the changes
of properties of novel proteins, and produce novel proteins
for use in medicine and industry. A good example is the
‘ humanization’ of monoclonal antibodies.Monoclonal anti-
bodies are produced from rodents, which can not be used
therapeutically because the human antibody system may
recognize a wdent antibody as foreign and neutralize it. The
antigen-binding loops from a mouse antibody may be grafted
onto a human framework with hardly loss of binding activi-
ty.

There are a variety of methods specifically to mutate
the codon for a specific amino acid in a potein. Most are
based on the procedure of oligdeoxynucleotide directed mu-
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tagenesis. Probing into the structure-function relationship of
proteins and nucleic acids by site-directed mutagenesis has
becwme an important strategy in functional studies and ge-
netic engineering 3 . The gene is cloned into a double-
stranded vector, and one of the constituent circles of single-
stranded DNA is isolated. A short oligodeoxynucleotide has
already been synthesized to be complementary to the region
of the gene to be mutated, except for a single-base (or dou-
ble-base) mismatch. The mismatch is designed to change
the codon of the target anino acid residue into the codon of
the desired mutant esidue.The oligodeoxynucleotide is an-
nealed to the gene in the single-stranded vector and be-
comes a primer for Pol T (the Klenow fragment) in repli-
cating the st of the genome.The replicated strand is then
ligated, and the result is a heteroduplex containing one
strand of mutant and one strand of unmutant DNA. The het-
roduplex is used to transform a host and produce wlonies of
cells that contain either the veclor with the mutant or the
one with unmutant gene. The probe, radioactively labeled o-
riginal oligodeoxynucleotide primer;, is used to screen the
colonies in a DNA hybridization assays. The probe anneals
preferentially to the mutant DNA, to which it is absolutely
complementaty, rather than to the unmutant DNA, in which
it has a mismaich.One of the best methods for mutagenesis
is to use PCR (Polymerase chain reaction), a circular plas-
mid, and two mutant primers that are complementary in se-
quence at the site of mutation. In the first cycle of muta-
tion, one primer introduces the mutation into one strand;
the other primer causes the complementary mutation in the
other strand. In the following rounds of amplification, the
mutants are subsequently amplified because all the primers
are complimentaty to the mutants. Afier certain amount of
cycles of PCR;, there should be all mutant progeny.
Recently Andreas Seyfang and Huagian Jin' Bl have
employed a novel method using two teminal tailed primers
with a unique 25-nucleotide tail each that ar simultane-
ously annealed to template DNA together with the set of
mutagenic primers in between. Following synthesis of the
mutant strand by primer extension and ligation with T4 DNA
polymerase and ligase, the unique mutant strand-specific
tails of the teminal primers are used as anchors to specifi-
cally amplify the mutant strand by high-fidelity polymerase
Guangxi Sciences Vol 12 Na 3, August 2005



chain reaction.

It is possible to change amino acid esidue at any giv-
en sites in potein sequence to amother by above-described
techniques. It is not difficult to synthesize the genes for
of double-strand
oligodeoxymucleotides with sticky ends. Alternatively,

poleins de novo using cassettes
longer, single-stranded oligodeoxynucleotides can be linked
together by shorter strands that are cmplementary to the
end of one long strand and the beginning of the next. The
gaps can then be filled in by a polymerase, followed by lig-
ation. Mutants of subtilisin are made in such a way, where-
by a double-stranded oligodeoxynucleotide is synthesized
and inserted into the subtilisin gene using restriction en-
zymes and ligation.

The protein mutants created by site-specific mutagene-
sis are the basis of the rational and systematic analysis of
pwoteins and their redesign by potein engineering. The pre-
requisite for these studies is that the enzyme has been
cloned and expressed. Further, unless relatively crude infor-
mation is required, it is essential that the structure has been
solved at high resolution. Accurate structure-activity studies
require even more stringent criteria: absolute values of rate
constants.

In 1982, the catalytic mechanism of tyrosyl-tRNA syn-
thetase was completely unknown. Many years of investiga-
tion of the 20 different aminoacy-tRNA synthetases by clas-
sical protein chemistry and kinetics had failed to reveal acid
or basic groups in catalysis.The crystal structure of the ty-
rosyHtRNA  synthetase had given no clues to its reaction
mechanism or the groups in catalysis. But just as the solu-
tion of the first X-ray structure of an enzyme, lysozyme, elu-
cidated a previously unknown mechanism, so the first appli-
cation of protein engineering, using site-directed mutagene-
sis, o an enzyme revealed its mechanism.

There are simple rules to follow in order to produce
mutants that have a chance of being analyzed simply. The
aim is to minimize reorganization of the structure of the en-
zyme, either locally or globally. Structure reorganization or
distortion is accompanied by unknown energy changes , and
that complicating changes are arising from the direct inter-
actions of the taget side chain. In principle, a mutation
should be chosen to try to achieve the following goals.

(1) Deleting part of a side chain or leading to an isos-
teric change.
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(2)Avoiding creating buried unpaired changes.

(3)Deleting the minimal number of interaction.

4)Avoiding addition of new functional group to side
chains.

The ideal mutation is a deletion in which just an in-
teraction is removed without causing a disruption or reorga-
nization of structure. The following mutations are highly
suitable for a simple analysis:

[le—V al, Ala—>Gly, Thr—=>Ser. The loss of a — CH2-
group is a good probe of hydrophobic interactions. There is
no change of stereochemistry or increase in branching, and
only a cavity is fomed.

[le—>Ala, Val—>Ala, Leu—>Ala. A large loss of energy
and a greater likelthood of surrounding side chains moving
into the cavity or the ingress of solvent.There is on smaller
deletion.

Ser—Ala, Tyr— Phe, Cys—Ala, they are good for
probing hydrogen bonds.

His—>Asn, His>GlIn, an NH of the —CONH2 of Asn
can sometimes substitute for the N & of the imidazole ring,
or an NH of the — CONH; of Gln can substitute for the
NeH as hydrogen bond donors. Complicated results pobably
will come out when mutation of Asp—>Asn, Glu—>GlIn and
vice visa are made because the — CO2-group is just a hy-
drogen bond acceptor, while the —CONH; is both a donor
and an acceptor.

Based on the understanding of catalysis mechanism of
an erzyme, site-directed mutagenesis is further employed
for redesigning a new one, which could be different from the
original in terms of specificity, stability, and other proper-
ties. The specificities of subtilisin, hydrolyzing peptides
and esters by the same acylenzyme mechanism as for chy-
motrypsin, are dependent on the Gly-166 in some extent.
Mutations increasing the size of the side chain of residue
166 will decrease the activity toward tyrosine of the sub-
strate. Substitution of Met-222, adjacent to the activity site
Ser-221 by other amino acids leads to less active but more
oxidation-resistant subtilisin’ .

Unlike chemical modification which has to be carried
out, in many cases, in vitro, the proteins achieved by site-
directed mutagenesis always exist in the living cells and can
be easily located at a specific site in the cells by fusing the
mutated gene with a certain signal peptide. This is extraor-
dinarily important thing for the biological studies. The big
advantages of site-specific mutagenesis over chemical modi-
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fication are its highly specificity of site mutation and almost
free approadh of engineering proteins by fusing new and

foreign functional groups or deleting some original groups.

3  Combination of site-directed mutagengsis
and chemical modification

Even though chemical modification is a more rapid
and unexpensive method to stabilize enzymes by crossing
linking or by introduction of monomeric or polymeric moi-
eties, chemical modification can introduce functional groups
and specificity-detemining gwoups that are inaccessible by
mutagenesis techniques, and by mutagenesis techniques, the
design of new catalytic activities or binding sites by system-
atic changes of single amino acids is still impossible! "™ ; It
has been widely accepted that site-directed mutagenesis has
transcended all traditional approaches for protein mutation.
Combined with chemical modification technique, site-direct-
ed mutagenesis has emerged as a rapid, controlled, and ver-
satile strategy that can yield well-characterized homoge-
neous protein poducts. Distefano et al.! ™ and Desantis et
al."'% reviewed the new development of combination of
site-directed mutagenesis and chemical modification in pro-

tein engineering.
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