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Engineering proteins: keeping up with biology 05374

Donald F Doyle and David R Corey

A wide range of biological laboratories have adopted
protein engineering techniques, altering the way
biochemical research is carried out. Ironically, this
broad success has increased the challenges faced by
researchers at the chemistry-biology interface.
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The biologists’ challenge to engineers

Few areas of biochemistry have intrigued as wide an audi-
ence as protein engineering. Manipulating proteins is intel-
lectually fascinating and the potenual to tailor function is a
powerful attraction promising new  experimental  tools,
industrial reagents, and novel therapeutics. Many of the suc-
cesses of protein enginecring over the last fifteen vears have
been achieved by rescarchers at the chemistry-biology
interface mouvated by a desire to achieve novel function by
going bevond the constraints of naturally occurring polypep-
tide structures. Now, however, site-dirccted mutagenesis,
phage display. chemical modification, and other tools for
protein cenginecring have become widely available, which
has led to the greatest success of protein engineering — its
routine use by the general biology community.

For rescarchers who are specialists in particular areas of
biological rescarch., mutagenesis and protein-modification
experiments are not protein engineering but simply tools
that complement their existing expertise. Ironically, this
almost unconscious use of protein enginccering has pro-
duced resules at least as remarkable as those produced by
protein engineers themselves, One example is mutagene-
sis of adenvlyvl cvelase, a membrane-bound protein that
contains two cvtoplasmic domains and two membrane
domains. As a membranc-bound protein the adenvlyl
cvelase was poorly expressed in recombinant form and dif-
ficult to characterize structurally. ‘Tang and Gilman [1,2]
reasoned that 1t might be possible to remove the mem-
brane domains and to then couple the evtoplasmic domains
using a linker region. There were many reasons to helieve
that this approach might not succeed, such as incorrect pre-
diction of the boundaries of the membrane domains, mis-
tfolding of the variant protein or improper orientation of the
cvtoplasmic domains, but when the drastic remodceling was
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accomplished they found themselves in possession of a
soluble adenylvl cyclase that retained most of the catalytic
and regulatory properties of the full-length enzyme. "This
discovery has facilitated extensive kinetic analvsis and has
provided protein in a form that has allowed structure deter-
mination using X-rav crystallography [3].

The work by Tang and Gilman [1.2] and similar break-
throughs by other investgators scts a high standard
becausce it combines general lessons for protein enginecring
with important basic insights within an established field.
Such successes by laboratories that possess expert under-
standing of specific native macromolecules will become
increasingly commonplace and present researchers at the
chemistry/biology interface, who tend to be generalists,
with a clear challenge — now that ¢stablished biology labo-
ratorics with tremendous reservoirs of technical and scien-
tific expertise in particular arcas are comfortable with
sophisticated engineering technologies how can rescarchers
who lack these advantages compete? The danger is that a
relative lack of expertise regarding a protein will lead the
protein enginecr to ask questions whose answers are not
interesting to the biological audience ostensibly being
addressed, leading biologists who specialize in the field wo
ask “What is really being lecarned?”. That this question is
asked reflects the different cultures of biology and chem-
istry — biologists arc concerned with clucidating natural
processes whereas chemists are accustomed to manipulat-
ing them. Given that a primary goal of chemical biology is
to perform rescarch that breaks new ground in biology.
however, the question noted above must be considered and
thoughtfully answered.

Why engineer proteins?

There are three generally applicable reasons to justify the
resources devoted to engineerning proteins. First, the engi-
neered molecules could have practical uses as experimen-
tal tools or for the development and production of
therapeutics. Second, during the process of engincering
new techniques could be developed that will expand the
options available for the rescarch community as 4 whole.
Third, by approaching a macromolecule from the perspec-
tive of an engineer, a new and unique understanding
might be gained into how native macromolecules func-
tion. These reasons should be familiar as they are analo-
gous to rcasons for pursuing the synthesis of small
molecules. Unlike synthetic organic chemistry, however,
macromolecular engineering must achicve resules that not
only intrigue chemists but also provide important informa-
tion or uscful tools to biologists. thus answering the
“what have vou learned?” question noted above. We now
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describe several recent examples of how researchers at the
chemistry—biology interface have met this challenge.

Advantages of a protein engineer’s perspective

Researchers with degrees in chemically related fields are
accustomed to the concept of building and modifying mol-
ccules through their cxposure to chemical synthesis,
whereas the main focus of biologists is on understanding
the interactions of native molecules. These divergent per-
spectives make collaborations a compelling strategy for
the chemical biologist attempting to have an impact on
biology because an engineering outlook can be grafred
onto the specific expertise necessary to address questions
at a biologically relevant level. An example of this
approach is our collaboration with David Mangelsdorf and
his laboratory on cngincering the nuclear hormone
retinoid X receptor (RXR) to have novel ligand specificity,
studics in which we showed that the specificity for ligand-
dependent transcriptional activation was surprisingly sus-
ceptible to alteration throungh mutagenesis [4].

We could not have done this project without access to the
technical resources, materials, and background knowl-
cdge possessed by the Mangelsdort laboratory. Con-
versely, the Mangelsdorf laboratory would have becen
unlikely to attemprt a project aimed at cngincering the
specificity for ligand binding, creating a situation where
both scientific outlooks were necessary to achieve results.
Interestingly. soon after our paper was submitted for pub-
lication Gronemever and collcagues described some of
the same mutations in the RXR. Rather than focusing on
altering the specificity for ligand binding, Vivat e a/. 5]
characterized the high level of constitutive activation by
one of the murants, a result we had also observed but not
emphasized, and used their observations to add derails to
the model of RXR-mediated transcriptional activation.
‘Thus, similar mutagenesis experiments produced differ-
ent lessons about the propertics of RXR because of the
different interests and experimental philosophies of the
rescarchers involved.

Synergy of combining small-molecule synthesis and
protein engineering

One of the defining characteristics of the chemical biology
community 1s the ability to design small molecules with
potentially useful properties and then synthesize the mol-
ccules necded to achieve the biological research aims.
These capabilities are an advantage for chemistry-oriented
laboratorics  because molecule design, synthesis and
product analysis are difficule for laboratories that are ori-
cnted toward molecular biology. "T'he advantage conveved
by c¢xperuse in small-molecule synthesis can also be
cxploited in protein cnginecring.

One strategy for using svnthesis to amplify the potcnual
of protein engineering is to design novel combinations of

engineered proteins and synthetic ligands. One example
of this approach from Schreiber and coworkers [6] is
murtagencesis of cyclophilin A to cenlarge its binding
pocket and allow its recognition by a chemically modified
cvelosporin that interacts poorly with wild-type cvclo-
philin A. The goal of this work is, eventually, to develop
enginecred ligand-receptor combinations that can be
used to examine Intracellular function in a more con-
trolled fashion than is now possible.

Another example of this strategy is work by Shokat and
coworkers [7,8] aimed at remodeling protein kinase speci-
ficity so that kinases use unnatural ATP nucleotide analogs
rather than ATP for phosphoryl transfer. Because other
kinases present in complex cell extracts cannot use the
nucleotide analog, and the cngineered kinase cannot
readily usc AT'P, this approach ofters the potential for spe-
cific labeling and identification of the natural substrates of
the variant kinases, findings that would help elucidate
details of signal transduction pathways. By themselves,
neither the variant kinases nor the synthetic ATP analogs
would be particularly interesting molecules. Combined,
however, they create a new approach to understanding a
significant biological problem. It is difficult to see how
rescarchers who were not consciously working at the chem-
istry=biology interface could achieve such innovation.

Multi-step engineering: a new synthesis

In synthetic organic chemistry, products are built through
multi-step procedures. Protein engineering, which can be
viewed as synthetic chemistry for verv large molecules,
can mimic this approach by adopting difficult goals that
require multiple steps to achieve dramatic transformations
of structure or funcuon. The multistep approach confers
distinct advantages to protein engincers because it
requires knowledge of the strengths and weaknesses of
the spectrum of techniques available for protein engineer-
ing and a confidence that they can be applied successfully.
Examples of multstep engineering include minimization
of the size of atrial natriuretic peptide and protein A by
Wells and colleagues [9.10] and the idendfication by
Wrighton and coworkers [11] of a small peptide that is
potent erythropocitin mimic. In these studies the interme-
diate proteins and peptides, like most intermediates in
organic svnthesis, possesscd few of the properties desired
of the target molecule. By using repeated rounds of phage
display or site-directed mutagencsis, however, the experi-
menters sclected for favorable characteristics, such as
reduced size or increased binding affinity. The systematic
optimization resulted in a steady improvement in proper-
ties until cventually the target functions were achieved.

Clearly the analogy with svnthetic chemistry can be taken
too far as the palette of techniques available to the
protein engineer is much smaller than the arrav of reac-
tions avatlable to the chemist, and our understanding of



the complesities of protein structure lags behind our
understanding of small-molecule reactivity. As the rules
for cngincering proteins become  better developed,
howevcr, the parallels will grow more striking and it is not
out ot the question that even the most sophisticated
aspects of chemical synthesis, such as retrosvnthetic
analysis. might somedav be applied to complex problems
in protein engineering.

Renaissance of semi-synthetic enzymes?

Some of the carlicst examples of protein enginecring
involved usc of site-specific chemical modification of
proteins to alter function [12-14]. The use of scmi-syn-
thesis in protein engineering has not been as prominent
as the use of genetic manipulations because of the neces-
sity to include a modification /» ¢itro and becausce of limi-
tations on our ability to sclectuvely modify proteins.
Recently, however, two groups [15-17] have introduced a
strategy that could help reverse this trend by biologically
expressing protein fragments with an intein [18,19]. The
intein spontancously rearranges, generating a thioester
linkage in the mainchain that serves as a point of specific
reactvity towards nuclecophiles. To increase cfficiency,
the original polypeptide thioester linkage is exchanged
through transthioesterification with a small-molecule
thiol. Expressed proteins and svnthetic peptides with an
amino-terminal cysteine then attack this thioester, fusing
the protein and peptide by first transthioesterification
and then formation of a native peptide bond.

The method, termed expressed protein ligation [13], has
been used to derivatize carboxy-terminal Src kinase with a
phosphorvlated peptide [15]. to synthesize cytotoxic pro-
teins RNAsc A and /lpal [16], and to modify the ¢7°
subunit of Fscherichia coli RNA polymerase [17]. Perler
and coworkers [19] have used similar methodology to
express precursor protein fragments in separate hosts and
then splice them 7 vitro. The value of cxpressed protein
ligation relative to other methodologics for protein modifi-
cation and cross-linking remains to be demonstrated, but
its apparent efficiency and versatility suggest its potential
to become a widely useful route to modification of protein
termini by other proteins, peptides, oligonucleotides, and
small molecules. Applications include the svynthesis of
modificd proteins that are poorly expressed, the synthesis
of proteins to contain unnatural amino acids or other non-
native modifications, and the synthesis of semi-synthetic
proteins that are too large to be obtained by chemical or
enzymatic ligation of peptides.

Designing proteins for new applications

As noted above, onc of the reasons to engineer proteins is
to obrtain thcrapcutlcs‘ experimental tools, or industrial
reagents. Such variant proteins are difficult to obtain
because combining altered function with adequate levels
of activity is often challenging. To be successtul, thercfore,
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a thorough knowledge of the target protein needs to be
combined with the sclection of appropriate engineering
strategics. One recent report that has important implica-
tions tor devclopment of improved enzyvmes for industry is
the engineering of a thermolysin-like protease trom Bacil-
lus stearothermophilus to resist boiling by Van den Burg and
colleagues [20]. Although the chermolysin was already
moderately thermostable, introduction of a strategically
placed disultide combined with a scries of ‘nigidifving’
mutations (such as glycine to alanine or varied amino acids
to proline) capable of destabilizing a locally denatured
state, increased the half-life at 100°C from being negligible
to 170 minutes. The finding that highly thermostable pro-
teins can be obrained by directed mutagenesis affords a
new approach for engineering proteins to survive under
harsh conditions, and supplies experimental evidence that
some of the rules governing enzvine thermostabilty are
beginning to be understood.

Summary

Protein cngineering 1s used to manipulate biology in much
the way that chemists are accustomed to manipulating
chemical reactions. ‘T'he studies cited here are informed
by detailed knowledge of the biology under investigation
and provide proof that the engineering perspective contin-
ues to afford important basic insights into macromolccular
function. Success is no reason to become complacent,
however. Protein engincering must always be put in a
larger biological context, and the question of what protein
cngineering experiments are rcally teaching us must be
rigorously and critically addressed.
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