Protein folding and the Paracelsus challenge

George D. Rose

A challenge to change one protein into another while retaining 50% of the original protein’s sequence has
been met and provides a warning to other would-be protein folding/engineering challenges: only offer a prize

of a tee-shirt.

A few vyears ago, Trevor Creamer
(Department of Biochemistry, School of
Medicine, University of Kentucky) and I
formulated the Paracelsus challenge:
transform the conformation of one
globular protein into that of another by
changing no more than half the
sequencel. A cash award was included as
incentive. Now, on page 110 of this issue
of Nature Structural Biology, Dalal et al.?
describe their success in meeting this
challenge, and Lynne Regan is scheduled
to accept the award at a Hopkins cere-
mony on 25 June 1997. Why is theirs
such a remarkable achievement?

Like Gulliver, the protein’s conforma-
tion is determined by a large number of
small Lilliputian constraints®. To test
this view, Creamer and I devised the
Paracelsus challenge, named after the

512

16t century Swiss physician, an
alchemist who more-or-less invented
pharmacology. Frankly, we thought it
could not be done. Putting our money
where our mouths were, we put forth the
challenge, with arbitration provided by
Eaton Lattman, editor-in-chief of Pro-
teins, Structure Function and Genetics
and chairman of the Jenkins Depart-
ment of Biophysics at Johns Hopkins. As
a reward, we included a $1,000 prize, a
sum reckoned as the smallest amount
that might be noteworthy and the largest
we could hope to scrape together. Would
that it had been a tee-shirt. Dalal et al?
succeeded by transforming a predomi-
nantly B-sheet protein into an all a-helix
protein. Still, many aspects of the chal-
lenge persist, as described below, and
virtue will be its own reward for future

participants — no mere platitude as far
as we are concerned.

How did Dalal et al. tackle the prob-
lem, and what design lessons can be
learned from their approach? Their pro-
cedure was straightforward: identify two
proteins of similar size but dissimilar
structure and transform one into the
other, initial — final. In practice, this
strategy is more stringent than required
by the challenge. While a suitably chosen
final structure is surely a useful guide,
the actual product structure need only
be globular and folded, with a different
conformation. Here, protein G (the Bl
domain of Streptococcal IgG-binding
protein) was chosen as the initial protein
and Rop (repressor of primer, a tran-
scriptional regulator) as the final one.
Fach structure is known*> (see Fig. 1 in
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Dalal et al.?), and the Regan laboratory
has extensive experience with both®7. In
principle, the design strategy might just
as well have been the other way around,
Rop — protein G, but Dalal et al. rea-
soned that a helical protein is easier to
come by. To achieve their design goal,
they changed half the residues in protein
G, based on a local secondary structure
prediction algorithm®, energy minimiza-
tion, visual modelling, and — impossi-
ble to quantify — reliable intuition. The
resultant protein was named Janus.
Several other notable challenge-
attempts have been reported. Jones et
al.? had partial success in transforming a
small, disulphide, B-sheet protein into a
helical hairpin. Also, Yuan and Clarke!©
were somewhat successful in changing
an all-helical protein to protein G, using
an approach similar to that of Dalal et
al.2, Their paper is a ‘must read’ for its
rich discussion of the design issues.
Hovering above these overt attempts like
a virtual question mark is Alber’s work
on helical coiled coils!! in which the
modest substitution of a single residue
-in the heptad repeat unit is sufficient to
switch the oligimerization state of the
molecule between dimer, trimer and
tetramer!2. More of this in a moment.

Returning to Janus, I have both a

question and a quibble. First the quib-
ble. Protein G is 56 residues long; 28
residues were changed in the transfor-
mation to Janus. But in addition, the
molecule was extended to include a
seven residue tail. In Rop, this unstruc-
tured tail enhances solubility (inhibiting
the transformation of Rop — glop), and
presumably it plays the same role in
Janus. Calculating backward from Janus
to protein G, 28 residues were changed
and 7 deleted, a difference of (28+7)/63
= 56% between the two molecules, in
excess of the 50% threshold. It is argued
implicitly that the unstructured tail
should not be counted, recalling a riddle
attributed to Abraham Lincoln. To para-
phrase: how many residues were
changed if we ignore the tail? Answer:
35, because ignoring the tail does not
eliminate it.

Solubility is not a trivial matter. The
reason why a protein is folded, instead of
unfolded or aggregated, is not synony-
mous with the reason why that fold is
unique!®. The information encoded by a
protein sequence is spent on all dimen-
sions of the problem, and changes in any
one parameter are rightly charged
against the total accumulated balance,
with its 50% ceiling. Design deficiencies

in both Jones et al® and Yuan and
Clark!9 were due, in large part, to prob-
lems with maintaining solubility. In
Janus, the seven residue tail remains a
loose end, in both senses.

So much for the quibble. Next some
unfinished business before turning to
the question. Why not confer the award
on helical coiled-coils!?, where a 14%
change in sequence (one residue per
heptad repeat) can transform the
oligimerization state? Eaton Lattman’s
response to this question — only par-
tially tongue-in-cheek — 1is that Tom
Alber didnt ask. A more conventional
answer is that a coiled-coil is not a glob-
ular protein, and further, a change in
oligimerization state is not a change in
fold. But such disclaimers are wide open
to question. A coiled-coil has a sequence
composition, axial ratio, buried interior,
and packing density like that of a globu-
lar protein. Wherein lies the difference?
Again, a Rop dimer has a different fold
than cytochrome bs6;, another four-
helix bundle, so why is a coiled-coil
dimer not judged to have a different fold
than the corresponding tetramer? Clear-
ly, the Lattman response requires a more
searching answer.

At root, the difference between a
coiled-coil and a globular protein is that
the former lacks peptide chain turns.
This difference is not mere phenomenol-
ogy. It is often argued that turns are pas-
sive and therefore neglectable, but this
common belief cannot be true. Consider
the following thought experiment. An
idealized dimer is dissociated into two
rigid monomers. In one case, let the
monomers be independent (case I),
while in another, let them be linked
(case L) by a mass-less tether (that is, a
turn). Upon dissociation, Shmix > Slmix
where Smix is the entropy of mixing. Now
cut the tether in case L and assume that
the work required to do so is precisely off-
set by the heat of tether breaking. Then,
with no expenditure of work, case L is
transformed to case I, and the difference,
ASmix = Slmix - Stmix can be ascribed
entirely to cratic entropy. Physically, this
cratic contribution, ASpiy, is prepaid in
case L by tether formation. Therefore,
even a featureless turn matters.

Unlike its Platonic counterpart, a
polypeptide tether has mass, stiffness,
excluded volume, etcetera. In the real case,
the prepaid information, corresponding
to ASp;x in the ideal case, will be modulat-
ed by the actual sequence, which either
favours or opposes turn formation. In a
coiled-coil dimer, interactions that local-
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ize to the dimer interface are independent,
while in a corresponding monomer inter-
face, such interactions are coupled to the
connecting tether, which is an obligate
repository for such structural informa-
tion. Unavoidably, the balance between
long and short-range forces is shifted in
the monomer due to the existence of the

, tether. :

The frequent occurrence of turns is
responsible for the globularity of globular
proteins'4. Isodirectional segments (ot
helices or B-strands) are bracketed by
turns, which are often inextricably linked
to segment termini, for example in helix
capping!>19, Turns do matter.

Like the Mexican children’s game bale-
roc, where the essence of the game is in
the tether®, the parameters needed to
specify protein conformation are reduced
when turns are eliminated. Of course, the
interface between monomers still needs to
be tight enough to thwart aggregation, as
it is in a coiled-coil. In a progression that
starts in a coiled-coil and finishes in a
globular protein, Rop dimer seems to lie
somewhere along the way. Indeed, the
highly successful design strategy of Dalal
et al.? paid careful heed to the @’ and ‘d’
positions in the putative heptad repeat, a
knowing backward glance that acknowl-
edges their intellectual debt to the coiled-
coil.

Now, finally, the question. Is Janus
enough of a globular protein to satisfy
the ground rules of the Paracelsus chal-
lenge? Coiled-coil characteristics
notwithstanding, Rop is just one turn
shy of a monomer. In comparison, so is
ribonuclease S17, a protein that has long
been a veritable poster-molecule for
model globular behaviour. In the end,
lingering doubt clouds the issue either
way. And unlike the Supreme Court with
pornography (they know it when they
see it), no one view predominates here
because it is a matter of degree, not
kind. This said, I hasten to add that any
doubt at the margins must not be
allowed to obscure the core level of suc-
cess that has been achieved by Regan and
her colleagues. Janus is an authentic
molecular Doppelginger.

Janus the protein, like Janus the word,
is a contranym, an antonym of itself,
whose contrarian existence poses a
conundrum for fold recognition. If cho-
sen from a database of natural proteins,
two sequences of length ~60 residues
would be certified homologous whenev-
er their aligned sequence similarity
exceeds 30%18. At 50%, Janus and pro-
tein G are surely homologues. But at
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41%, so are Janus and Rop. Worse yet,
the Janus sequence is significantly closer
to protein G than to Rop, but not the
Janus structure, which resembles Rop,
not protein G.

Where does all this leave us? Janus,
namesake of the Roman god of new
beginnings, has been aptly christened.
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*A familiar game played with a slender stick and
squat ball, attached by a short tether. The stick fits
snugly into a slot in the ball. Holding the seated
assembly only by the stick, the object of the game
is to toss the ball in the air, then catch it with the
stick. Considerabile skill is required to accomplish
this seemingly simple feat.



