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The chemical basis for the folding of amino acid chains into
particular conformations and the stability of those conformations
has been studied for decade8. major goal of this effort is to
increase the rate at which proteins attain their native structures and
enhance the stability of those structures. Here, we demonstrate that
a nonnatural amino acid can be installed into a protein to both
accelerate its folding and enhance its conformational stability.
Moreover, installation of this residue provides new insight into the
pathway by which the protein folds into its native structure.

A polypeptide chain must reverse its direction to fold into a
compact structure. An especially simple means to that end is the
formation of a cis (that i) peptide bond.Only 0.03% of Xaa.1—
nonPre peptide bonds are in the cis conformation in folded Scheme 1

Figure 1. Ribbon diagram of ribonuclease A showing the site of installation
of a 5,5-dimethyle-proline residue.

proteins? This prevalence increases to 5.2% for XaaPrq peptide ~ proline_
bonds. Accordingly, turns often contain a proline residue preceded N — Up isomerization, Ug'ug
by a cis peptide bongb:4 protease

The nonnatural amino acid 5,5-dimethyproline (dmP) is fragments

unusual in that an Xaa—dmR peptide bond is almost exclusively
in the cis conformatiof.We reasoned that the rational use of this ~ 1he dmP residue enhances the conformational stability of RNase
constraint could accelerate the folding of a protein as well as A- The valué ofTm, which is the temperature at the midpoint of
enhance its conformational stability. The incorporation of nonnatural the thermal transition, increases from 63:60.2°C in wild-type
residues such as dmP via recombinant DNA techniques is madeRNase A0 66.4+ 0.2°C in the dmP114 variant. This increase
problematic by intrinsic limitations in both the genetic code and Ccorresponds thAGy = 4.6+ 0.4 kJ mot .12 In marked contrast,
the substrate specificity of the ribosomal peptidyl transferase. all attempts to replace Prol14 of RNase A with natural residues
Expressed protein ligation (EPL) has emerged as a tool to overcome'®Sult in a substantial decrease in stabilftyhe installation of two
these limitations.EPL combines the prodigious biosynthetic cap- /-amino acid residuesRj-nipecotic acid-(S)-nipecotic acid, at
ability of the ribosome with the entire palette of synthetic chemistry. POSitions 113-114 does enhance the stability of RNaseMg =
As a model system, we chose ribonuclease (RNase) A, which 1.2+ 0.3°C) 2 but less than that of a single dmP residue at position
has been the object of much seminal work in protein chemistry. 114 ATm =28+ 0-3_°_C)- ) )
Residues Gly112Asn113-Pro114-Tyr115 of RNase A form a The enhanced stability of dmP114 RNase A could arise from its
B-turn in which the peptide bond preceding Pro114 is in the cis slower unfolding or.fasterfolding (or. both).To dissect the effect
conformation. We used EPL to replace Pro114, which is one of of the_de114 re_sldue, we determined the rate constan_ts for the
four proline residues in RNase A, with dmP. Specifically, we used unfolding and folding of both dmP114 RNase A and the wild-type
biosynthesis to produce RNase A fragmer with a C-terminal protein. Unfolding rate constantk ) were determined by limited
thioeste We then synthesized dmPOH and used it to incorporate Proteolysis with thermolysif The two proteins unfold with the
a dmP residue at position 114 of a peptide corresponding to residuess@me rate constant at 47.57.5°C. This result is in accordance
95-124. The two fragments were ligated, and the product was With the generally accepted model for the unfolding pathway of
folded and purified to yield intact dmP114 RNase A (Figure 1; RNase AX® As a result of prolyl peptide bond isomerizaticiis,
mz 13 845; expected: 13 841). RNase A exists in its unfolded state as a mixture of three major
Enzymatic catalysis provides an extremely stringent measure of Unfolded species, which fold at decreasing rates:>Ws'" > Us
native protein structurdThis measure is especially useful herein, (Scheme 1}® Prolyl peptide bond isomerization occurs subse-

as the synthetic portion of dmP114 RNase A contains His119, which guently to the fast unfolding of the native enzyme N tg Which

contributes 1Bfold to the value oke/Ku.2° The catalytic activity is a substrate for proteolysi®&Thus, as expected, dmP114 has no
of dmP114 RNase AkiafKy = 1.6 + 0.2 x 10/ M-t s} is  effect on the value ok. _ _
indistinguishable from that of the wild-type enzyme.(Ky = 1.5 Folding rate constantkg) were determined by using stopped-

+ 0.2 x 107 M~ s72).11 We conclude that the addition of two  flow fluorescence spectroscopy to monitor the recovery of catalytic
methyl groups to residue 114 has no significant effect on the activity upon folding* In 4.5 M guanidine-HCI (Gdn—HCI),

structure of RNase A. neither wild-type RNase A nor its dmP114 variant has detectable
- activity, and both are unfolded completely according to their
Martin-Luther University. SAtrinei St R
* Department of Chemisiry, University of Wisconsin, Madison. !ntl’lnSI.C .fluorescence. Upon dilution, dlmP114 RNase A regains
§ Department of Biochemistry, University of Wisconsin, Madison. its activity 6-fold faster than does wild-type RNase A at all
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Figure 2. Reactivation of unfolded dmP114 RNase A and wild-type RNase
A at 5°C.* Raw data were fitted to the single-exponential plus linear (i.e.,
steady-state) equation: fluorescentesf Ae ™ + mt + n.

Table 1. Values of ke (£25%) and AAG* for Reactivation of
Wild-type RNase A and Its dmP114 Variant at 5, 15, and 25 °C

ke (s79)
T(°C) wild-type RNase A dmP114 RNase A AAGF (kJ mol~?)
5 0.0472 0.275 4.1
15 0.0873 0.617 4.7
25 0.117 0.665 4.3

temperatures investigated (Figure 2; Table 1). Accordingi@}

for the reactivation of dmP114 RNase A is lower BMAG* = 4.4

=+ 0.3 kJ mot™. This value ofAAG* is indistinguishable from that

of AAG, which indicates that the enhanced stability of dmP114
RNase A arises solely from faster foldidyWwithin the dead-time

of mixing?® 30—35% of the final activity was recovered, in
accordance with a previous study of wild-type RNase A using CD
spectroscopy and dynamic light scatterfh@ecause Yfolds with

a rate constant of50 s* under these conditions (0.17 M Gen
HCI)130.22and accounts for20% of all unfolded molecule®,the
gain of activity within the dead-time of mixing can be attributed
to the formation of native enzyme from:UThe values okg (Table

1) likely correspond, then, to the formation of active enzyme from
Ug'.2425The accelerated folding of dmP114 RNase A contradicts
the prior designation of Prol14 as a residue that does not affect
the overall folding rat&® Rather, Pro114 is a “type II” proline
residué’—one that can affect but not block folding.

We propose two explanations for the faster folding of dmP114
RNase A. First, dmP114 could givesUa structure that is more
similar to that of the native protein. An early intermediate with
largely intact secondary structure has been reported in the folding
of Ud'.16.22bThe formation of this intermediate could be facilitated
by the preorganization of C-terminal residues proximal to dmP114.
Second, dmP114 could eliminate slower folding subspecies within
Ud'", thereby increasing the fraction of the faster folding ones. The
overall rate of " folding is an ensemble average from all of its

subspecies, which have heterogeneous structures and varying prolyl

peptide bond isomef8 Evidence for various folding pathways with-
in Ug" was provided by the detection of an early folding intermedi-
ate, which occurs for only~40% of all Us".16:226 Apparently, a
transient barrier exists to the folding of theség' Jubspecies, which
could have a trans peptide bond preceding Prol14. Fixing this
peptide bond in the cis conformation would eliminate this barrier.
We conclude that dmP is a superb tool for protein chemists. The
replacement of a cis proline residue with dmP endows RNase A

with faster folding and enhanced conformational stability without
compromising native structure. We envision that the rational use
of dmP and other prosthetic segments could enable chemothera-
peutic proteins (such as variants and homologues of RN&3¢A
survive longer in vivo or retain activity after oral administration.
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