Hot-Blooded Proteins

Heat-loving enzymes
stay cool under stress

s the saying goes, if you can’t take
Athe heat, get out of the kitchen.

That ultimatum doesn’t apply uni-
versally, however. Some creatures not
only take the heat, they thrive in it. In
recent years, scientists have discovered
many such organisms—ranging from
microbes to fuzzy, colorful worms—liv-
ing comfortably in boiling-hot geysers or
in steam vents on the ocean floor.

How do these beings keep themselves
from getting cooked? Part of the answer
lies in the structure of their proteins,
which don’t unravel even in tempera-
tures approaching 100° Celsius, which
would cause most proteins to fall apart.

Scientists have been hard-pressed to
figure out exactly what makes these pro-
teins so heat-resistant. “No one really
understands the molecular basis of ther-
mal stability,” says Frances H. Arnold of
the California Institute of Technology in
Pasadena. “People who have stared at
protein sequences from nature for years
will now readily admit that there are no
general rules for stabilizing proteins.”

Even without any rules to guide them,
researchers have had great success in
synthesizing thermophilic, or heat-lov-
ing, proteins. They use several tech-
niques to either change the structure of
existing proteins or design new ones.

Proteins, especially enzymes, that can
tolerate heat have lots of potential indus-
trial applications because high tempera-
tures speed reactions and enhance solu-
bility. Such enzymes can purify waste-
water, help laundry detergents work bet-
ter, and aid the synthesis of drugs, for
example. Heat-stable enzymes also have
a long shelf life, a characteristic that can
reduce the ultimate cost of a chemical
process.

Enzymes that withstand the assault of
high heat—or acidity, alkalinity, and salt—
could improve upon many of the inorganic
catalysts now used in chemical manufac-
turing. Those catalysts work in harsh con-
ditions that would destroy most enzymes,
but they also tend to be less specific than
enzymes and therefore produce more
unwanted by-products. Enzymes also do
their job in water, whereas the catalysts
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used in many standard industrial process-
es require toxic organic solvents.

In trying to understand heat toler-
ance, some scientists have come to the
conclusion that the earliest proteins
worked in high heat and that only after
millions of years of evolution have pro-
teins acquired the ability to function in
cooler conditions. As Arnold states in

teins. For thermophilic proteins, though,
even temperatures near 100°C don’t pro-
vide enough energy to break those bonds.

Scientists do have a few clues about
what makes a protein thermophilic, says
Bertus Van den Burg of the University of
Groningen in the Netherlands. For exam-
ple, the amino acid proline adds stiffness
to its section of the protein chain and

Mutations in a small region (dark blue, yellow, and red) of this bacterial enzyme
significantly boost its stability in heat. The changed amino acids (red) form a link
(vellow) that keeps the enzyme intact even at boiling temperatures. The enzyme
binds a zinc atom (light blue) that helps catalyze reactions.

the March 3 PROCEEDINGS OF THE NATIONAL
AcADEMY OF SCIENCES (PNAS), “Perhaps we
should be wondering why mesophilic
[moderate-temperature-loving] enzymes
are so unstable, rather than why ther-
mophilic ones are so stable.”

protein is essentially a long strand
A of amino acids that twists and

curls upon itself into a specific
three-dimensional structure. The amino
acids interact with each other at every
turn, forming bonds and fitting neatly
into the spaces created by the folds.
Adding heat provides energy to break
the bonds and thus unravels most pro-
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thus some rigidity to a protein’s overall
structure. Also, amino acids that contain
sulfur can form disulfide bonds with each
other—again, locking the chain into place.
Finally, charged amino acids can attract
each other, forming a bond known as a
salt bridge. Nevertheless, these features
don’t guarantee heat resistance, and
many thermophilic proteins don’t pos-
sess any of them.

Using elementary ideas of this sort,
Van den Burg and his colleagues recently
modified an enzyme from the soil bac-
terium Bacillus stearothermophilus to
make it hyperthermophilic. They found
that changing just eight amino acids in
its sequence boosted the enzyme’s heat
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tolerance from about 86°C to 100°C.
They describe their achievement in the
March 3 PNAS.

The unmodified enzyme shares about
85 percent of its amino acid sequence
with a well-characterized, heat-loving
enzyme called thermolysin, which is pro-
duced by a different Bacillus bacterium.
The two enzymes differ by only 43 amino
acids. Thermolysin is used in the synthe-
sis of the artificial sweetener aspartame,
says Van den Burg.

The researchers used computer simu-
lations to identify the amino acids impor-
tant for stabilization, and then they
methodically replaced individual amino
acids in the B. stearothermophilus enzyme
with their thermolysin counterparts.

“We didn’t mutate all 43,” says Van
den Burg. “Quite soon, we noticed that
all the big differences in thermostability
were located in a small, defined part of
the protein. Once we identified the loca-
tion of the weak spot, we combined sev-
eral mutations in that particular region.”

At high temperatures, that region prob-

ably is one of the first to unfold, Van den -

Burg explains. The enzyme is a protease,
whose job is to snip apart proteins. Once
it starts to unfold, it becomes vulnerable
to attack by its fellow enzymes.

At 100°C, the mutated protein is 340

times more stable than the original and
more stable than thermolysin. Moreover,
it is just as active at lower temperatures—
no small feat. “Most things that have
evolved to be thermophilic are most
active at high temperatures,” says Arnold.

The enzyme needs a certain amount of
flexibility in order to work properly, says
Van den Burg. Making it too rigid robs it
of its function. Even noting that the eight
mutations were quite far from the part of
the enzyme that binds reactants, Van den
Burg says, “it was very surprising that
none of the mutations we made had any
effect on activity.”

Satisfied with the enzyme’s stability,
the researchers have already moved on
to tweaking its other properties. Ulti-
mately, they would like to see whether
the enzyme works better than ther-
molysin for synthesizing aspartame.

Looking at thermophilicity is also a
useful way for scientists to delve into the
connection between protein structure
and function, says Van den Burg. “It gives
us a nice tool to study activity over a
long range of temperatures.”

an den Burg and his coworkers
Vtook what chemists call a rational

approach to endowing their
enzyme with heat resistance, using theo-
retical arguments to design and test sys-
tematic changes. Arnold and her group
at Caltech think they have an easier,
faster way to accomplish the same goal.
Instead of picking and choosing which
amino acids to replace, they let ordi-
nary enzymes evolve in a test tube until
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they acquire thermophilic properties
(SN: 8/7/93, p. 90).

In this process, known as directed
evolution, the researchers introduce
random mutations into the gene that
encodes the protein, thereby creating a
library of genes that encode proteins
with single amino acid changes. They
move each gene into a bacterium that
produces the modified protein. Once
they identify a better protein, they take
its gene and repeat the process. “We’ll
repeat it 10 times if necessary to accu-
mulate the amino acid substitutions nec-
essary to convert the protein into its
thermophilic counterpart,” Arnold says.

Arnold is studying several different
enzymes, some in collaboration with
companies such as Procter & Gamble,
British Petroleum, and Eli Lilly. It doesn’t
take long to get results using directed
evolution. She and her colleagues found
that five rounds of screening of the
enzyme subtilisin increased its heat tol-
erance 18°C. Six repetitions increased

the limit of an esterase 15°C.

Arnold favors directed evolution be-
cause ordinary and thermophilic proteins
often “differ in 100 or more amino acids.
There’s absolutely no way to test all of
those.” In a sense, this approach is “irra-
tional,” Arnold says in the March
AccouNTs OF CHEMICAL ReSEARCH. The scien-
tist doesn’t need to worry about specify-
ing the exact changes, he or she just
needs to make sure that each subsequent
protein is better than the last.

“We recognize that enzymes are com-
plex beasts,” says Arnold. “Our knowledge
base is puny compared with what we’'d
have to know in order to stabilize them
rationally.”

Arnold also points out that Van den
Burg and his colleagues had thermolysin
to use as a road map for their amino acid
substitutions. Those counterparts don’t
exist for most enzymes of interest to
industry, she claims.

Van den Burg agrees, but he thinks
that directed evolution isn’t the best
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technique for increasing the heat resis-
tance of some enzymes, especially pro-
teases.

Directed evolution studies also shed
light on how protein stability evolved in
nature, Arnold says. When early forms of
life first appeared on Earth, the world was
most likely much hotter than it is now.
“Somewhere, our distant past proteins
were thermophilic. If our proteins have
lost that capability, what is the process by
which it was lost?” she wonders.

If the ability to function at low temper-
atures resulted from random genetic
drift—essentially the reverse of what the
Caltech scientists do in the lab—"then
staring at sequences of our ancestors
isn’t going to tell us anything about the
mechanism of thermophilicity. It'd be vir-
tually impossible to trace it back.”

According to Arnold, one of her students
described the issue this way: There’s no
Holy Grail for thermophilicity, but there’s a
holy approach, and that's evolution.

hile the Caltech researchers
Wdirect evolution in the test tube,
or in vitro, scientists at Rutgers
University in Newark, N.J., do the same
“in computo.” Ramy S. Farid and his col-
leagues have developed a computer pro-
gram called CORE to design proteins that
are stable at high temperatures (SN:
3/8/97, p. 146).
The researchers figure out what over-
all shape a desired enzyme must have, as
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Arnold

Laundry detergents contain the enzyme subtilisin (front and rear views) to help break
down peptides (gray). Eight amino acid substitutions (blue), incorporated through
directed evolution, improved the heat stability of subtilisin by 18°C.

well as the amino acid sequences of its
active regions. Starting with this informa-
tion, CORE tries to find the best sequence
of amino acids for the inner core, which
holds the enzyme together. It starts off
with “a terrible sequence,” Farid says,
and tests how well the amino acids fit
together. As it tests additional sequences,
the program asks if each new choice is
better or worse than the previous one.
Over the course of the computer simula-
tion, the program gets pickier about what
it considers acceptable, and in this way,

The Scientist as Consultant \

provides essential insights and invalu-
able advice to any scientist who may be
considering consulting as another career
possibility. Ranging from a small, part-
time venture to a full-time career move,
consulting—at any level—is ultimately
shaped by you, the scientist, drawing from
your specific interests and expertise.
Whether you are graduating from col-
lege, in the midst of a midlife career
change, or considering post-retire-
ment opportunities, scientific con-
sulting may be a successful path

to follow.

Carl J. Sindermann and Thomas
K. Sawyer help you decide
whether this is the right move for
you and if it is, advise you on what
steps to take for a smooth transition
into the prosperous career of scientific
consulting. \1

Taking a sweeping look at scientific con-
sulting, they detail areas vital to the success
of this challenging venture, such as net- \
working and communication skills, locating ||
and contacting clients, obtaining start-up
funds, dealing with lawyers, and work-
ing with international agencies.
—from Plenum

SCIENCE NEWS, VOL. 153

the protein evolves.

CORE considers only one aspect of
what makes a protein hold together well:
how tightly the hydrophobic, or water-
avoiding, amino acids in the interior of
the enzyme pack together. Using only
that characteristic is controversial, Farid
concedes, but CORE arrives at the same
answers as other, lengthier computer
simulations. “We intend to consider oth-
er methods,” he notes, “but we haven't
needed to yet.”

Farid and his group are interested in
using CORE to modify existing enzymes
to work at high temperatures, but they
also want to design entirely new proteins
for other purposes. Whatever the pur-
pose, the novel molecule must be stable.
“If the protein comes out to be hyper-
thermophilic, it suggests that we've
designed it right,” he explains.

ing with Diversa in San Diego, a

company interested in developing
thermophilic proteins for industrial uses.
“They have great technology for isolating
DNA from the environment,” Arnold says.
The company’s robotic methods can
screen 100,000 samples per week, says
Dan E. Robertson, Diversa’s director of
enzymology. Last year, Diversa signed a
controversial bioprospecting agreement
with Yellowstone National Park in
Wyoming, which allows the company to
collect thermophilic organisms from the
park’s geysers in return for a share of any
profits that result (see sidebar).

Scientists are looking to these organ-
isms for clues to recapturing an old prop-
erty that many proteins lost millions of
years ago. The result may be heat-loving
enzymes that never existed before—
enzymes whose purpose is not to help
critters survive in their hellish environ-
ments but to aid humans in their urge to
improve their world. O

Both Arnold and Farid are collaborat-
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