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A new twist for an Hsp70 chaperone

Joanna F. Swain and Lila M. Gierasch

A new study has demonstrated that the E. coli Hsp70, DnaK, can catalyze cis-trans isomerization of non-prolyl

peptide bonds.

It has long been recognized that isomer-
ization of Xaa-Pro peptide bonds can
cause slow phases in protein folding'?,
and many helper proteins that catalyze the
isomerization, called peptidyl prolyl
isomerases, have been characterized®.
Recent studies have shown that isomeriza-
tion of non-prolyl (secondary) peptide
bonds can also significantly slow the
refolding of certain proteins**, but rele-
vant isomerases have not been identified
until now. On page 419 of this issue of
Nature Structural Biology, Schiene-Fischer
et al.% provide unexpected evidence that
the Escherichia coli Hsp70 molecular
chaperone, Dnak, is capable of catalyzing
secondary peptide bond isomerization,
albeit modestly. This is indeed an intrigu-
ing observation; whether DnaK has
evolved to perform this function in the
cell remains an open question.

Secondary amide isomerization
during folding
Due to the double bond character of the
peptide bond, a significant energy barrier
prevents free rotation” (Fig. 1). Of the two
available conformations, the trans state is
energetically favored by ~15 kJ mol-' over
the cis state for secondary peptide bonds
because of the close approach of the two
Ca atoms in the cis form®. For Xaa-Pro
peptide bonds, however, the two conform-
ers are nearly identical in energy®. As a
result, in native protein structures, cis
Xaa-Pro bonds are more commonly found
than are cis non-prolyl peptide bonds
(5.2% versus 0.03%, respectively)’.
Recently, the 0-amylase inhibitor ten-
damistat was observed to display a slow
folding phase that was proposed to arise
from isomerization of non-prolyl peptide
bonds®. In this case, the slow phase
appears to be contributed by a very small
proportion of non-prolyl peptide bonds
that equilibrate to the cis form in the
unfolded state and must isomerize to
trans in the native state. Since all peptide
bonds are synthesized in the trans config-
uration on the ribosome!?, one might
argue whether proteins have sufficient
time between synthesis and folding (or
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binding to chaperones) for significant
equilibration to cis. On the other hand,
native protein structures containing a cis
peptide bond must isomerize from the
trans form, and catalysis of this process
would be advantageous.

The study by Schiene-Fischer et al.
demonstrates that, in addition to its
established role in chaperoning nascent
protein chains, the E. coli Hsp70 DnaK
has the potential to accelerate isomeriza-
tion of non-prolyl peptide bonds. These
authors first used an Ala-Ala dipeptide in
an  absorbance-based  isomerization
assay!! to purify isomerase activity from
E. coli extracts, and DnaK was identified
by N-terminal sequencing as the active
component. The sequence specificity for
the isomerase activity of DnaK, deter-
mined using a panel of Ala-Xaa dipep-
tides, is surprisingly different from its
binding  preferences for unfolded
polypeptides. Whereas DnaK prefers to
bind hydrophobic and positively charged
residues, such as Leu, Ile, Val, Tyr, Phe,
Arg and Lys'>'4, the isomerase activity
was highest for Met, Ala and Ser, and
unobservable for many residues, includ-
ing Val, Tyr, Phe and Arg.

Advantageous signal dispersion for the
cis isomer allowed the use of NMR to
quantify isomerization rates’ for the
Ala-Tyr and Tyr-Ala peptide bonds in an
Ala-Ala-Tyr-Ala-Ala  peptide (Box 1).
Interestingly, DnaK only catalyzes isomer-
ization of the Ala 2-Tyr 3 peptide bond,
and the assisted isomerization is blocked
by addition of substance P, a neuro-
transmitter peptide that is known to bind
in the peptide-binding pocket of DnaK'.
This suggests that the catalysis site and the
peptide-binding pocket are one and the
same. Since ATP binding to DnaK
decreases peptide-binding affinity 100-
fold, with increases in both on and off
rates’®, it is perplexing that DnaK-
catalyzed isomerization is ATP-indepen-
dent. In order to show that the isomerase
activity of DnaK has relevance for protein
folding, the authors followed refolding
of an RNase T1 mutant that contains a
native state cis non-prolyl peptide bond*.

Box 1 NMR method to measure amide
bond isomerase activity of DnaK.

1D spectrum: Ala methyls

trans cis

2D proton spectrum

No DnaK
OO

Plus DnaK
00 o®
00

Interconversion between the cis and trans
isomers of the peptide bond is slow on the
NMR time scale due to the high barrier to
amide bond rotation. As a consequence, sep-
arate signals are usually observed for the
two isomeric states at ambient temperatures
(top). During a 2D NMR experiment with
typical mixing times, slow interconversion
precludes the transfer of magnetization dur-
ing the experiment and only very weak to
unobservable off-diagonal peaks are present
(middle). Schiene-Fischer et al.¢ exploit the
fact that enhancement of the rate of inter-
conversion between cis and trans isomers
leads to an observable crosspeak due to the
now significant magnetization transfer in
the course of the experiment (bottom). This
provides an assay for the rate enhancement
due to addition of a potential cis-trans
isomerase, and was used to identify and
quantify this catalytic activity in DnaK.

DnaK addition caused a dose-dependent
increase in the first order rate constant of
folding, which could be reversed by addi-
tion of a peptide (NR) that binds to the
peptide-binding site of DnaK!e.
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Complementary roles for trigger
factor and DnaK?

In many ways, it makes physiological sense
for DnaK to be a secondary amide iso-
merase, based on its functional similarity
to trigger factor, a known peptidyl prolyl
isomerase!’. Both are present at the ribo-
some during protein synthesis and cooper-
ate in the handling of nascent protein
chains!'®!. E. coli can survive loss of either
the gene encoding DnaK or that encoding
trigger factor, but deletion of both at once
results in synthetic lethality. Whereas trig-
ger factor tends to bind smaller proteins
and can catalyze isomerization at Xaa-Pro
bonds, DnaK preferentially binds to pro-
teins >30 kDa in size'®, and we now learn
that it can speed isomerization of the other
peptide bonds. Because large proteins have
many more peptide bonds, one might
imagine that they have even more need for
a secondary amide isomerase. However,
trigger factor is a much better catalyst. In
the native state of RNase T1, the Tyr 38-
Pro 39 peptide bond is cis; trigger factor
(0.5 pM) enhances the folding rate of
RNase T1 45-fold!”. Mutation of Pro 39 to
Ala results in retention of the cis peptide
bond (now Tyr-Ala) in the native state?,
but an even higher amount of DnaK

(2 pM) can only accelerate folding of this
mutant by a factor of 2.5.

Possible mechanisms of catalysis

Catalysis of peptide bond rotation could
exploit transition state stabilization by
physical distortion of the peptide group
or by selection for the uncharged reso-
nance form that rotates more freely
(Fig. 1). The latter effect could arise either
by destabilization of the charge-separated
state via appropriate placement of
charged side chains or by stabilization of
the non-charged state with a hydrophobic
binding pocket. Inspection of the crystal
structure of the peptide-binding domain
of DnaK bound to a seven-residue pep-
tide!’® (NR, Asn-Arg-Leu-Leu-Leu-Thr-
Gly, Fig. 2) demonstrates that only the
middle five residues of the peptide inter-
act with the chaperone, which limits the
site of catalysis to one of four possible
peptide bonds. All peptide bonds of NR
are trans, and all are within 2° of 180°
except for that between Leu 3 and Leu 4,
which is 175°. While this is not a large
deviation, refinement protocols used to
generate protein structures typically favor
a planar peptide bond, so a larger devia-
tion may have been obscured during

Fig. 2 Substrate binding to DnaK. The DnaK substrate-binding domain (ribbon) binds the NR pep-
tide in an extended conformation (PDB entry 1DKZ). Here the peptide is represented by ball-and-
stick, except for Leu 3 and Leu 4, which are in CPK representation. The a-helical lid domain of the
protein has been made transparent in order to see the peptide. Generated using MolScript?! and

rendered using Raster3D2.
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Fig. 1 Resonance forms of trans (top) and cis
(bottom) amide bonds. Considerable double
bond character leads to a high barrier to rota-
tion about the amide bond. Reduction of this
barrier and consequent enhancement of the
rate of interconversion between isomers can be
achieved by geometric distortion from plan-
arity or destabilization of the charge-separated
resonance form.

refinement. If catalysis occurs by distor-
tion, it would likely be a small effect and
confined to the peptide bond between
protein sites —1 and 0, which in the case of
the NR peptide corresponds to the Leu 3-
Leu 4 bond (Fig. 2). While there are no
charges close to the bound peptide, the
central peptide-binding pocket is highly
hydrophobic, especially sites —1 and 0.
Thus, by these two criteria, the peptide
bond between protein sites —1 and 0
would be the most likely site of catalysis.

Remaining conundrums

The physiological significance of the
reported secondary amide isomerase
activity of DnaK remains to be estab-
lished. The fact that DnaK binds to
nascent chains immediately after synthe-
sis, when most peptide bonds have not
had a chance to assume the cis isomer, as
well as the fact that DnaK binds to discrete
sites in each protein sequence'?, suggests
that DnaK probably does not facilitate
isomerization of the small population of
cis at many sites. Thus the most likely use
of this isomerase activity would be to
assist the folding of proteins that have one
or more cis peptide bonds in the native
state. Of the 34 proteins containing non-
prolyl cis peptide bonds in a non-redun-
dant set of protein structures from the
Protein Data Bank, 20 are of bacterial ori-
gin’ and could be substrates for the iso-
merase activity of DnaK. The high
homology of substrate-binding pockets in
different Hsp70 molecules?® begs the
question of whether this activity is con-
served throughout the Hsp70 family and
might play a role in eukaryotic protein
folding as well. Nonetheless, the modest
degree of catalysis by DnaK leaves open
the possibility that its isomerase activity is
simply an adventitious byproduct of its
principal function: binding and stabiliz-
ing unfolded polypeptide chains.
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Mini-proteins Trp the light fantastic

Samuel H. Gellman and Derek N. Woolfson

A new 20-residue peptide represents the smallest example to date of cooperatively folded tertiary structure. This
achievement provides a new tool for elucidating protein conformational preferences. The mini-protein should
serve as a fruitful platform for protein design.

On page 425 of this issue, Neidigh et al.!
describe a remarkable peptide that adopts
a small but well-defined globular shape.
Formation of discrete tertiary structure is
generally thought to be the exclusive
province of much longer polypeptides.
Although other short peptides with stable
tertiary structure have been reported, the
present case stands out in that only nat-
ural amino acid residues are employed
and there is no crosslinking via disulfide
formation, metal ion chelation or stabi-
lization through oligomerization. The
success of Neidigh et al.! appears to be
primarily due to a structural motif the
authors dub the ‘“Trp cage’ in which the
side chain of a Trp residue is penned in by
several other residues, notably the side
chains of prolines.

Development of the Trp cage began
during examination of a natural
39-residue peptide from Gila monster
saliva. The C-terminal portion of this
peptide showed promise for folding, but
structure was observed only in the pres-
ence of the fold-promoting cosolvent
2,2,2-trifluoroethanol (TFE). Recogniz-
ing the prospect for structural optimiza-
tion, the authors pursued a series of
incremental sequence modifications to
enhance the stability of the folded con-
formation. These shrewd efforts culmi-
nated in a 20-residue Trp cage that
appears fully structured at low tempera-
ture in water and displays several hall-
marks of cooperatively folded proteins.
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The Trp cage is cooperatively folded
The studies of protein structure and
folding are mature fields of endeavor?, and
one is led to ask two fundamental ques-
tions regarding the system reported by
Neidigh et al.': (i) Is the structure com-
pletely folded under accessible condi-
tions? (ii) Is folding cooperative? This
latter question is important because for
most natural protein domains, all parts of
the molecule undergo the folding transi-
tion in concert as conditions, such as tem-
perature or denaturant concentration, are
varied. This type of cooperativity is
regarded as a hallmark of native protein
structures. In such cases, only two ‘states’
of the protein — the folded and unfolded
states — are present throughout the
process. Both states are collections of con-
formations, also referred to as ensembles.
The unfolded conformations are flexible
and largely unrelated to one another,
whereas the folded-state conformations
are closely related. The work of Neidigh
et al'. provides clear answers to these two
questions.

Evidence for essentially complete folding
into a specific tertiary structure near 0 °C
comes from following independent global
measures of folding — that is, characteris-
tic CD signals and '"H NMR chemical shifts
— as a function of temperature. In both
cases the measured parameters plateau at
low temperature to values consistent with a
highly folded state. In addition, amide pro-
tons of some buried residues are protected

from H/D exchange in the folded state,
another classic sign of native-like folding.
Further support for complete folding in
water comes from the observation that
there is very little change in the CD spec-
trum of the final Trp cage design when the
sample contained 30% TFE. In contrast,
intermediate designs showed substantial
enhancements in folding upon addition
of TFE. Although addition of TFE does
not necessarily induce complete peptide
folding?, it seems plausible that failure to
see a TFE effect indicates that the extent of
folding is already quite high.

What is the evidence for cooperative
folding? Sigmoidal dependence of spectro-
scopic measurements with changes in tem-
perature or denaturant concentration is a
classic signature of cooperativity. The
authors show such temperature dependen-
cies for both CD and NMR signals. They
also use a novel method* to test for cooper-
ativity: they compare the rates of change of
characteristic '"H NMR chemical shifts
through the thermal unfolding transition
(AY/AT) with the differences measured for
these chemical shifts between the folded
state and reference values for the unfolded
state (6folded - 6unfalded)' A linear correlation
between these two parameters, which is
observed for the Trp cage, fits a cooperative
unfolding transition between a single fold-
ed state and an unfolded ensemble. These
comparisons support the hypothesis that
the final Trp cage peptide undergoes a con-
certed unfolding transition.
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