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ABSTRACT. Thede nao design and characterization of a series of 51-residue -helix—helix peptides
intended to dimerize into antiparallel four-stranded coiled coils is described. The sequence is based on
a coiled coil heptad repeat:N-(AaZoZcl aZeZiZg)3—turn— (XaZoZcl dZeZiZg)3-Cecar CONH,, where X is

either Val or Ala. The overall topology was intended to be similar to that found ifcgoherichia coli

protein ROP. The design strategy included consideration of geometric complementarity of the packing
of side chains within the hydrophobic core as well as the use of specific interfacial interactions, both of
which were intended to favor the desired ROP-like topology. Additionally, the sequence was designed
to destabilize potential alternative structures that might compete with the desired topology. The peptides
(RLP-1, RLP-2, and RLP-3) assemble into stattbelical dimers and exhibit the hallmarks of a native
protein as judged by its spectroscopic properties, and the lack of binding to hydrophobic dyes. Also, the
enthalpy and heat capacity changes upon denaturation were determined by measuring the temperature
dependence of the CD spectra and confirmed by differential scanning calorimetry (DSC). The values
determined by the two methods are in excellent agreement and are in the range of those of naturally
occurring proteins of this size. These results suggest that it is now possible to design native-like helical
proteins that should serve as templates for the further design of functional proteins.

Significant progress has been achieved in the design of
proteins from first principles (Nautiyal et al., 1995; Olofsson
et al., 1995; Raleigh et al., 1995; Betz & DeGrado, 1996).
Recently, we described a series of fundamental principles
for the hierarchide nao design ofa-helical bundles (Betz
& DeGrado, 1996). Three principles guide the design
process and include (i) the use of complementary packing
within the hydrophobic core, (ii) the use of specific interfacial
interactions to promote interhelical association, and (iii) the
use of both core and interfacial interactions to destabilize
potential alternate conformations.

Here, we describe the design and characterization of
helix—turn—helix peptides designed to dimerize into a four-
helix bundle that mimics the topology found in tBscheri-
chia coli protein ROP (Banner et al.,, 1987). ROP is
composed of two 63-residue peptides that form an antiparallel
four-stranded coiled coil in which the two connecting loops Helix 2
are on opposite sides of the structure (Figure 1). The proteins
described here are designed to be an abstraction of that
structure and have the sequencgeMA.ZnZ L 4ZeZiZg)3—
turn—(XaZpZcL 4ZeZZg)3-Cear CONH,, Where thea—g sub-
scripts refer to the canonical coiled coil heptad repeat position o _ _
(Conen & Pary. 1950) and X s efher lanine or valine FEUREE: Mo dlegran (T, 109D renipg e scure
(Figure 2). Three different peptides, RLP-1, _-2, angl -3 1987). '
(where the number refers to the number of valine residues
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Heptad Position The equilibrium aggregation state was determined at
Protein 2 b ¢ d e f £ relatively low initial loading concentrations by fitting the
RLP § A Q E L L K I data to various monomenmer equilibrium schemes. At
A R R L R K E higher initial loading concentrations, the association was
A K E L L K R complete so the data were fit to a single species using the
4 E H program Igor Pro (WaveMetrics, Inc.).
¢ 6 P B L L K E Fluorescence MeasurementsFluorescence spectra of
a E E L E K . . e . .
peptide complexes with 8-anilino-1-naphthalenesulfonic acid
b D K L Y K I . .
(ANS)* were measured using a Spex Fluorolog fluorimeter
¢ E H G . .
at 298 K. ANS-peptide complexes were monitored by
wB G E L E e L L . K titrating peptide into a constant amount(#) of ANS in a
L X E L L X G 1 cm cuvette. Buffer conditions were 20 mM HEPES at
pH 6.9. The excitation wavelength was 370 nm with
a b c emission spectra recorded from 420 to 500 nm.
RLP-I A v A Circular Dichroism The circular dichroism of peptide
RLP2  V A v solutions was monitored with an AVIV 62DS spectropola-
RLP3  V v \4 rimeter. The concentrations of peptide stock solutions were
Ficure 2: Sequence of the RLP series of peptides. The sequencedetermined by absorbance at 275 nm6i M guanidinium
is arranged by heptads, with varia@ositions indicated bg, b, chloride, using an extinction coefficient of 1420 thiM !

orc. The N terminus is a free amine, and the C terminus is amidated.(there is one tyrosine per monomer) (Gill & von Hippel

Igg7s)ei(guser1r;(£no;c;:1 ioerﬁggr?seosrigned peptig (Ho & DeGrado, 1989). Mean residue ellipticities were calculated using the
equation

ously (Betz & DeGrado, 1996). Briefly, single polyalanine
helices were created using the programs PSSHOW and [6] = Ogpsd10iCn (2)
Insight 1l (Biosym) and then brought together and trans-
formed to form coiled coils of various topologies. The Where6fossqis the ellipticity measured in millidegreekijs
hydrophobic core residues (by convention, positiarend the length of the cell in centimeters,is the concentration
d) were placed in low-energy conformations (McGregor et in moles per liter, andh is the number of residues in the
al., 1987) and their packing interactions critically examined. protein. The mean residue ellipticity as a function of
The interfacial and surface residues were then placedconcentration was measured in two experiments using a dual-
accordingly, and the entire model was subjected to energysyringe titrator (AVIV Associates, Lakewood, NJ) by titrating
minimization using the default force field in the program buffer into a concentrated solution of peptide.
Discover (Biosym) (Betz & DeGrado, 1996). The resulting ~ Thermodynamic AnalysisCircular dichroism data for
structures were examined for poor contacts, the appearancéhermal denaturations were collected at 222 nm, averaging
of which led to sequence refinement and further rounds of 99 s per data point. Buffer conditions were 20 mM MES or
modeling and minimization. 20 mM MOPS (pH range of 5:57.3). Data points were
Synthesis and PurificationPeptides were synthesized by taken at 2°C intervals while equilibrating for at least 3.5
standard automated methods on a Milligen 9050 peptide Min between points (longer incubation times produced no
synthesizer using FMOC-protected amino acids and purified differences in the data). The experiments were performed
by reverse phase HPLC (Choma et al., 1994). The peptidesat a protein concentration (76M) reasonably near the
were determined to be homogeneous by analytical HPLC equilibrium constant for folding in this pH range, allowing
and electrospray ionization mass spectrometry. both cold and heat denaturation to be observed. The presence
Analytical Ultracentrifugation Sedimentation equilibrium  of cold denaturation provides for a more accurate estimate
analysis was performed with a Beckman XLA analytical of AC, using the GibbsHelmholtz equation (Chen &
ultracentrifuge (Harding et al., 1992). Loading peptide Schellman, 1989), although this method assuk€gsto be
concentrations ranged from 25 to 7681 in 20 mM MOPS constant with respect to temperature. The data were fit to
(with or without 200 mM NaCl) at pH 6.9, 20 mM MES at  the Gibbs-Helmholtz equation using the program Igor Pro
pH 5.5, or 50 mM NaOAc at pH 4.0. (There is no (WaveMetrics, Inc.) with the algorithm described in Raleigh
discernible difference in behavior with added NaCl.) The etal. (1995). To confirm the validity of using the Gibbs
samples were centrifuged at 35 000, 42 000, and 48 000 rpm Helmholtz equationAC, was determined by calculating the
Equilibrium was determined when successive radial absor- slope of the plot of the van't Hoff enthalpyAHm, obtained

bance scans were indistinguishable. at various pH values) versds, over a significantly smaller
The behavior of a single species at equilibrium can be temperature range, and the two methods were found to agree
described by the following equation: within 10%.
Calorimetry Excess heat capacity versus temperature for
My, = M,(1 — 7p) @ the RLP-3 dimer was determined using a model MC-2

differential scanning calorimeter (Microcal, Northampton,

whereMy, is the measured buoyant molecular madg, is
the molecular mass in daltoristhe partial specific volume 1 Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid; DSC,
of the solute, ang is the density of the sample solution. differential scanning calorimetnAC,, change in heat capacity upon

; 3 ; thermal denaturatiomGy, free energy of denaturatiolsH¢e®, calori-
The partial specific volume was calculated using the metric enthalpy of denaturatio®§H,,, van't Hoff enthalpy of dena-

weighted average of the amino acid content using the methodyyration; T,, midpoint of thermal denaturatiorty,, midpoint of
of Cohn and Edsall (1943). temperature of half-completion of the DSC thermal denaturation.
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c-g face or right-turning orientation. It is instructive to consider the
features that stabilize the naturally occurring dimeric four-
helix bundle ROP (which forms an anti-left-turning topology)
in these four topologies. Regan and co-workers have shown
that the interiora and d residues can be replaced with a
variety of aliphatic side chains and still maintain a stable,
native-like fold (Munson et al., 1994, 1996). The alternation
of large and small hydrophobes within the sequence is
important for specifying the antiparallel nature of the bundle.
If helices with this alternating pattern were to pack in a
Ficure 3: Helical wheel representation of the interactions within parallel orientation, the small Ala residues would segregate
%Qe?f':ézzrglrlgli:%?gt‘gg?( bundle. The orthogoreatg and b—e into individual layers, leaving large holes in the protein
interior. Thus, this pattern of large and small residues helps

MA). Protein concentrations varied between 50 and2@0 specify an antipargllel structure, although it cannot_explain
(0.35-1.5 mg mLY). Prior to each measurement, the sample the adoption of a single topology; the core packs equivalently
and buffer solutions were degassed under vacuum. Bufferin €ach of the four antiparallel topologies, indicating that
scans were repeated until a steady and reproducible baselin® Packing of thea andd residues cannot account for the
was established. Experiments were performed with a observed preference. Further, the loops in ROP can be
constant heating rate of 90C h%, with the excess heat replaced with a variety of different sequences (Vlassi et al.,
capacityC, recorded from 25 to 118C. Each sample was 1994 Predki et al., 1996), indicating that the sequences of
subjected to three or four cycles of heating and cooling to the interhelical turns are also not the primary topological
judge reversibility. Data were fit using Origin-based soft- déterminant. Therefore, the packing of the interfacial
ware (Microcal). residues must determine the topology of the bundle.

NMR SpectroscopyH NMR spectra of each dimeric The interfacial residues consist of positidnande, which
complex were recorded with a Bruker AMX-600 spectrom- associate along two of the hetihelix interfaces, and and
eter at 298 K using presaturation of the water resonance.g, which associate along the other interfaces (Figure 3). These
Sample conditions were 10 mM potassium phosphate andresidues must contribute to specificity and stability in several
10% D,O at pH 6.9. Sample concentrations ranged from different ways. First, while they must shield the hydrophobes
600uM to 1.2 mM. One-dimensional spectra were recorded at thea andd positions from solvent, they must not be too
with 8K points. Two-dimensional TOCSY experiments hydrophobic or poor solubility and fluctuating structures will
(Wuthrich, 1986) were collected with 2K points in tire result (Betz et al.,, 1993). Second, they should undergo
dimension and 512 incrementshn. TOCSY mixing times favorable interhelical hydrogen-bonding and electrostatic
were 61 and 102 ms. The raw data were transformed andinteractions in the desired topology (Betz & DeGrado, 1996).
phased using Felix 1.1 software (Hare). Hydrogen Finally, they should destabilize potential alternative folds.
deuterium exchange was measured by lyophilizing a0 The manner in which this can be accomplished can be
aqueous, buffered solution of protein and resuspending inappreciated by considering Figure 4. In an ROP-like
D,O. One-dimensiondiH NMR spectra were recorded as topology (anti, left-turning; Figured), residues at andg

ERTER]

c-g face

a function of time after the addition of . interact along the intermolecular interhelical interface be-
tween helix 1 and its symmetry-related partner Similar
RESULTS c—g interactions occur between helices 2 and The

residues at positionls ande interact at the intramolecular

family of antiparallel dimers, an attempt was made to include 'Ntérface between helices 1 and 2. By contrast, in the other
successful aspects of previously designedelical bundles anti orientation (nght—turnlng, Figureg)i theb anderesidues
(Raleigh et al., 1995; Betz & DeGrado, 1996). Namely, the form the intermolecular interface (the—1' and 2-2'
protein core should be able to pack in a geometrically Interfaces), and residues from and g now form the
complementary fashion, and the interfacial positions shouid Inframolecular interface between helices 1 and 2 (and 1
be composed of an appropriate balance of hydrophobic angand 2).
hydrophilic residues. Additionally, the sequence should One can manipulate such differences between each of the
direct the protein to assemble into the desired tertiary four geometries in designing a sequence to stabilize a unique
structure. topology. Along these lines, it is significant to note that the
In the preparation for designing a dimeric four-helix two syn topologies would be more difficult to engineer than
bundle, it is important to consider possible alternate folding either anti orientation. In the two syn orientations (Figure
topologies. Figure 3 illustrates a cross section of an 4b,c), both thec—g and b—e helix—helix interfaces are
antiparallel four-helix bundle. The fully buried side chains identical, and the only difference between the two topologies
emanate from positiona and d, and they segregate into is whether the interfaces are formed by inter- or intramo-
layers containing twa and twod residues. The residues lecular associations. Thus, for a syn homodimer, only the
atc andg as well as those &t ande occupy more interfacial ~ potential conformational preferences of the interhelical loops
positions and are important for screening the interior could be used to favor one of the two topologies. It is
hydrophobic residues (atandd) from solvent. There are  possible that the failure to explicitly consider and stabilize
four possible topologies available to such a four-helix bundle. a single topology contributes to the dynamic behavior of
The loops can lie on the same (syn, Figubscltor opposite previously designed-helical bundles (Handel et al., 1993;
(anti, Figure 4l,e) sides of the bundle in either a left-turning Betz et al., 1993).

Topological Considerations In the design of the RLP



De Navo Design of Native Rop-like Proteins Biochemistry, Vol. 36, No. 9, 19972453

a
(i
b c
[ =
o 1
& 1)
w Y
| ()
£ 4]
d e
v =
g |
8 [
w Y
| &
0 n

c-g face

Ficure 4. Schematic of the loop arrangements and interfacial packing within possible antiparatelofup—up—down) four-helix bundle
topologies: &) cartoon of a helixturn—helix peptide indicating the N and C termini of each helpy éyn left-turning, €) syn right-
turning, d) anti left-turning, and €) anti right-turning. Notice that the interfacial interactions between the syn topologies are identical,
while those of the anti topologies are different from each other as well as from the syn topologies.

In addition to these antiparallel four-helix bundles, several in the syn orientation would form threeA, and three LV,
other four-helix bundle orientations have also been classified layers. Modeling indicates that the\; layers are well-
(Harris et al., 1994), and the designed sequence should alsgpacked, but they would hold the helices too far apart for the
destabilize these folds. Chief among these are theupp- intervening LA, layers to pack efficiently. The RLP-1 and
down—down topologies that are observed in many of the RLP-2 sequences result in similar segregation, albeit to a
short chaina-helical cytokines (Wlodawer et al., 1993; lesser extent.

Rozwarski et al., 1994; Mott & Campbell, 1995). In all-ip Interfacial positions were chosen to favor the desired left-
up—down—down topologies, two of the four interfaces are tyrning anti topology using a combination of hydrophobic,
composed of an antiparallel pair of helices, and the other hydrogen-bonding, and electrostatic interactions. As a
interfaces are composed of parallel pairs. In these arrange-starting point, the remaining residues were initially taken to
ments of helices, half of the—e andc—g interactions found  pe the same as in the previously designed peptide(Ho

in the up-down—up—down are retained, while the other g peGrado, 1987) (Figure 2), but numerous changes were
interfaces are dominated by tlﬂeg and b—c interactions made to encourage a unique topo|ogy_ Next toatzndd
seen in parallel four-stranded coiled coils (Harbury et al., positions, residues and g are the most buried in the
1993; Betz & DeGrado, 1996). Itis essential to design the antiparallel four-helix bundle fold, and previous studies have
sequence in such a manner that these potential parallekhown that the hydrophobic residues at these positions can
pairings of the helices are destabilized. give rise to highly stable structures (Regan & DeGrado, 1988;

Sequence DesignThe first consideration in the design Chin et al., 1992; Lutgring et al., 1994). However, too many
of the RLP peptides was the length of the helices. In hydrophobes at these positions can cause the bundles to have
previous work on single helices that were designed to excessively dynamic behavior (Handel et al., 1993; Betz et
associate into tetramers (Betz & DeGrado, 1996), a lengthal., 1996), so hydrophobic residues were placed sparingly
of three heptads (plus helix caps) proved to be successful.at these positions in the RLP series. Most of ¢handg
The hydrophobic core of the most successful of these designgpositions consisted of amphiphilic residues (Glu, Arg, Tyr,
included geometric complementarity packing of the interior and Lys) that could form electrostatic or hydrogen-bonding
side chains using small and large hydrophobes aataed interactions with residues d and c, respectively, while
d positions, respectively, and here, the same general motifsimultaneously shielding the apolar residuea ahdd with
is exploited. The large hydrophobe is consistently Leu, while the apolar portions of their side chains. With these consid-
the small hydrophobe is either Ala or Val. The inclusion of erations in mind, the residueslkatc, e, andg were introduced
Val residues at some or all of tleepositions of the second  to favor a left-turning topology by (i) favorable interactions
heptad was used to increase the amount of hydrophobicat thec—g interfaces between helices 1 ariddnd 2 and 2
surface area buried while simultaneously disfavoring the syn (ii) favorable interactions at thé—e interface between
topologies. For example, in RLP-3, the desired (anti) helices 1 and 2 (and'land 2), and (iii) destabilizing
topology contains heptad layers that contain two Leu’s, one interactions between alternative pairings that could pos-
Ala, and one Val (LAV) in the core and should have fairly  sibly form [e.g. theb—e interface between helices 1 and 1
uniform packing throughout the protein. The same sequenceand 2 and 2should be destabilizing as should theg
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d-c-b-a-g-f-e-d-c-b-a-g-f-e-d-c-b-a-g-f-e-d-c-b-a
d-c~b-a-g-f-e-d-c-b-a-g-f-e-d-c-b-a-g-f-e-d-c-b-a
1 G-H-E-A=R~-K-L~-L-E-KjA-E-K-R-L-R-R-A-I-K~L-L-E-Q-A-S
1 S-A-Q-E-L-L-K-I-A-R-R~L-R-K-E-A-K-E-L-L-K-R-A-E-H-G
c-d-e~f-g-a-b~-c-d-e-f-g-a~-b-c-d-e-f-g-a-b-c-d
d-c-b-a-g-f-e~d-c~-b-a-g-f-e-d-c-b-a-g-f-e-d~c-b-
2 G-H-E-V-I-K-Y-LzK-D7V-K-K-E;LzE-E-V_E-K-L-L-E-P

K K
27 G-P-E-L-L-K-E-V-E-E-L-E-K-K-V-D-K-L-Y-K-I-V-E-H-

Ficure 5: Two-dimensional representation of the interfacial interactions of the two anti orientations of RLP-3. The sequence of each helix
is shown with the heptad repeat above or below it. The interactions in the anti left-turning topology (i.e. the desired topology) are shown
as/. The interactions in the anti right-turning topology are shown. @&otentially stabilizing interactions are shown as solid lines, and
destabilizing interactions are shown as dashed lines. To stabilize the desired topology, favorable interactions should be incluged at the
interfaces between helices 1 arnfdahd 2 and 2and theb—e interfaces between helices 1 and 2 ahérd 2 (the I—2' interface is not

shown because it is identical to the-2 interface). To disfavor the anti right-turning topology, titee interfaces between helices 1 and

1', and 2 and 2should be destabilizing as should tbeg interfaces between helices 1 and 2 ahndidd 2. Note the desired topology
contains only stabilizing interactions, while the alternate topology consists of mostly destabilizing ones. The favorable interaction between

Arg and Tyr (at the 2 interface) is a result of complementary hydrophobic interactions and a potential hydrogen bond betwegn Tyr-O
and Arg-Ne.

interface between helices 1 and 2 (ahdrd 2)]. Similarly,
all possible parallel pairings should be destabilized. Figure Er
5 provides a two-dimensional schematic of the interfacial e+
interactions that were designed to simultaneously favor the & ,,
left-turning anti bundle while destabilizing the right-turning

topology.

The helix Na and Ga, Sequences were chosen by
evaluating possible sequences derived from data base—ﬁ o1
searches (Richardson & Richardson, 1988; Harper & Rose,
1993; Seale et al., 1994) and model peptide studies (Zhou
et al., 1994a,b; Doig & Baldwin, 1995) within the context "'"3 e
of the RLP heptad sequence. The turn sequence was deducedx (==~
by examining the results of a three-dimensional structure .ol
search of a protein structure data base for loops that 5}
connected two full turns ofi-helix on each side that were 528
of three to six residues in length. The nature and importance
of turns with regard to the structure and stability of four- Ficure 6: Sedimentation equilibrium. (Top) Representative analyti-
helix bundles have been of considerable interest (Chou etcal ultracentrifugation runs for RLP-3 (initial loading concentration
al., 1992; Brunet et al., 1993; Vlassi et al., 1994; Predki & Of 400uM in 25 mM MOPS and 100 mM NaCl at pH 6.9 and 298

. . . ) showing absorbance at 275 nm versus radius for raw data
Regan, 1995; Predki et al., 1996), and although the designe circles) and different theoretical fits: (solid line), fit to dimer,

turn is not derived from a naturally occurring protein, it is (dashed line) fit to monomer, and (dotted line) fit to trimer. (Bottom)

of typical composition and length; modeling suggests that Residuals of the lower of the two data scans in the upper panel.

the turn should be able to adopt a low-energy structure of The residuals for dimer are random and centered around zero, while

the yay Befe class (Efimov, 1991) that is consistent with the those of the other association states exhibit a radial-dependent
' ’ difference.

desired structure. !

Sedimentation Equilibrium.The association of the RLP  present, allowing estimates of the dissociation constants for
peptides was examined using sedimentation equilibrium dimerization: Kgss of 1.2 uM (£0.8 uM) for RLP-1,
centrifugation with initial loading concentrations ranging corresponding to a free energy of assemifiys} of —8.1
from 25 to 750uM. All the members of the RLP series  kcal mol? (+ 0.2 kcal mot?), aKyiss of 2.0 uM for RLP-2
behave very similarly and form dimers in a concentration- (AG = —7.8 kcal mot?), and aKgiss of 0.3 uM for RLP-3
dependent manner. They sediment as single homogeneouéAG = —9.0 kcal mof?) [the value ofKgss for wild-type
species with molecular masses consistent with dimer forma-ROP is estimated to be between 0.5 and AN (Stief et
tion at loading concentrations of 1M or greater (Figure  al., 1995; Munson et al., 1996)]. These values are in
6). At lower loading concentrations, more monomer is reasonable agreement with the free energies derived from

0.3

anc

8 02

or

. .
6.00 . 6.05 6.10
Radius (cm)
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Ficure 7: Emission fluorescence spectrum ofi®l 8-anilino-1-
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Ficure 8: Mean residue ellipticity at 222 nm versus absolute

naphthalenesulfonic acid (ANS) in the presence and absence oftemperature and calculated fits to the Gibbfelmholtz equation
peptide complexes. Buffer conditions were 20 mM HEPES at pH for the RLP series of peptides. The peptides were atM5n 20

6.9: ANS alone (circles), ANS with 808M RLP-3 (triangles),
and ANS with 75Q«M o:B (squares) (Ho & DeGrado, 1987) which
exhibits molten globule-like behavior. The excitation wavelength
is 370 nm.

thermal denaturation (see below). Even at the lowest
experimentally accessible concentration, however, approxi-
mately 85% of the peptide was still associated. This
relatively small amount of monomer peptide present causes
considerable uncertainty in the value Kfijss obtained by
this technique. Thus, the values obtained from thermal
unfolding should be considered more accurate. At pH 4.0,
as assessed by both sedimentation and circular dichroism,
the RLP peptides are predominantly monomeric, presumably
because of the protonation of several acidic residues which
affects the stability of the interfacial packing scheme.
Hydrophobic Dye Binding The binding of the hydro-

[6l,2; (deg cm® dmol™)

-20

»
&

mM MOPS at pH 6.97: RLP-1 (circles, solid line), RLP-2 (squares,
dotted line), and RLP-3 (triangles, dashed line).
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phobic dye ANS has been used often as a probe for moltenpH 5.61 (diamonds).

globular behavior in proteins (Semisotnov et al., 1991;
Ptitsyn, 1992). The molecule has a very low fluorescence
intensity in water but fluoresces strongly in the 4480

nm range when in an apolar environment. The increase in
fluorescence of ANS while it is bound to a protein in the
molten globule state is presumed to occur because the dye
can access the hydrophobic core. Earlier generations of
designed proteins have exhibited significant ANS binding
(DeGrado et al., 1991; Betz et al., 1993). Each of the RLP
series of peptides was titrated into a constant amount of ANS
(2 uM) and displayed no discernible increase in fluorescence
with peptide concentrations up to 1 mM (Figure 7). In this

~AH,, (keal mol™) x 10°

60

w
G

Ficure 9: Mean residue ellipticity at 222 nm versus temperature
for RLP-1 as a function of pH. The sample concentration was 75
uM: pH 6.97 (circles), pH 6.39 (squares), pH 5.97 (triangles), and
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respect, each member of this family behaves as a native-FIGURE 10: —AH, versusTy, for the RLP series of peptides. The

like protein.
Thermal Denaturation The-far UV CD spectra of the

slope of the line is equal tAC,: RLP-1 (circles, solid line)AC,
= 1020 cal mot!* K71 (10.0 cal mot! K-t res); RLP-2 (squares,
dotted line) AC, = 1150 cal mof! K1 (11.4 cal mott K~1res™d);

RLP series were measured as a function of pH and temper-and RLP-3 (triangles, dashed line}C, = 1290 cal mot? K1

ature at a concentration of 78M. The dimers exhibited

thermal denaturation curves like those of native proteins.

(12.6 cal mot! K1 res™).

Figure 8 displays the thermal denaturation curves and Additionally, the entire thermal unfolding curve can be
theoretical fits of the three RLP peptides at pH 7. Each evaluated to determine bottHy, andAC, using the Gibbs

peptide monomer contains two His residues witky'
expected to be in the range-8. The pH was varied (Figure

Helmholtz equation:

9) to perturb the equilibrium constant for unfolding such that  AGy = AH_ (1 — T/T) — AC[T, — T + T[In(T/T,)II

variations in the enthalpy of unfolding could be readily

®3)

assessed to permit the determination of the change in heat

capacity upon denaturatiolACp) as described previously
(Stief et al., 1993; Raleigh et al., 1995; Betz & DeGrado,
1996). The van’t Hoff enthalpiesAH,,) were determined
from a plot ofRIn K versus 1T evaluated near the midpoint
of the transition. AH,, for each peptide varies linearly with
respect toT, and yieldsAC, from the slope of the line
(Figure 10).

Typically, it is difficult to accurately determinAC, from

the Gibbs-Helmholtz equation because the quality of the
fit is generally insensitive to changesAC,. However, the
presence of cold denaturation observed for the RLP peptides
(Figures 8 and 9) permits a more accurate determination of
AC, (Chen & Schellman, 1989). CalculationsA&€, from
van't Hoff and Gibbs-Helmholtz methods have distinct
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Table 1: Thermodynamic Parameters of the RLP Series of Proteins

AHp, AGy, 300 K AC, AC, per residue
protein method Tm(°C) (kcal molt)2 (kcal molt)2 (cal mort K1) (cal molrt K=%)2
RLP-1 vH 69.9 —45.6 -8.7 1020 10.0

GHe 71.9 —46.2 -8.7 1030 10.1
RLP-2 vH 66.3 —45.8 -84 1150 11.3
GH 67.2 —44.9 -85 1090 10.7
RLP-3 vH 81.6 —62.0 -9.7 1290 12.6
GH 83.4 —62.9 -9.9 1210 11.9

2Based on the total amount of monomevan’t Hoff analysis; thel, and AHn, listed are from a from a single denaturation at pH 6.%C,
was calculated from linear regression of the van't Hoff enthalpies (Figure 10) versus the corresponding thermal denaturation midpoint temperatures
(Tm) over a range of pHsAGy was calculated by inserting these valueSTgaf AHn, andAGC, into eq 3.¢ Gibbs—Helmholtz analysis of an entire
single thermal denaturation at pH 6.97 was used to deterMinAHm,, andAC, simultaneously.AGy was calculated by inserting these values into
eq 3.

Table 2: Comparison of Enthalpy Changes for RLP-3 Determined by DSC afAd CD

protein AHp, AHeA
method concentrationgM) (kcal mof) (kcal molt) Tm (°C) AHYAH, AHm(DSC)/AHL(CD)
DSC 58 —47.6 —229 78.6 0.48 1.0
CD 58 —46.8 77.7 0.49
DSC 260 —55.0 —25.0 83.5 0.45 1.1
CD 260 —50.3 824 0.50

a Sample buffer of 20 MM NaFRat pH 6.25.

' ' ' a7 P dimeric (Privalov & Potekhin, 1986). The DSC experiments

) were repeated on a more concentrated sample/{R§0and

the spectroscopic and DSC methods of determinfidy,
were again in excellent agreement (Table 2). As expected
for a monomer-dimer equilibrium, the value off,, was
increased at the higher concentration. The valué\kf,

was also increased, although the calorimetrically determined
value was somewhat uncertain due to the lack of resolution

of the high-temperature baseline.
The RLP proteins are similar in stability to other dimeric

1000

C, (cal mol* K
(,Towp un 3ap) W[g)

ma
Eﬂg—n'n‘ﬂ

20 40 60 80 100

-200

Temperature (°C)

both experiments were 58M peptide and 20 mM NaPat
pH 6.0. Theoretical fits are shown as solid and dashed lines,

respectively.

advantages and disadvantages. The Gibtembholtz method

protein.

methods yielded very similar values faH,, AC,, and T,

(Table 1).

denaturations of 53M RLP-3 in 20 mM NaPRat pH 6.0.
The Ty, for the CD-monitored denaturation (77°T) is in
excellent agreement with thg, determined by DSC (78.6
°C). Further, the ratio of the values afH, for the two

determined by the ratio oAHp, to calorimetric enthalpies
(AH®) is 2, indicating that the species being denatured is Overall, the spectra are quite good consideringathreslical

four-helix bundles. Munson et al. (1996) determinedAli,
FIGURE 11: Comparison of thermal denaturation of RLP-3 moni- Of wild-type ROP (wt-ROP) to be-7.7 kcal mof! by
tored by DSC (dots, left axis) and mean residue ellipticity moni- chemical denaturation, and the dimeric heligop—helix
tored at 222 nm (open squares, right axis). The conditions for protein E47 has a free energy of association-af3 kcal
mol~t at 300 K (Fairman et al., 1993). RLP-3 has the highest
Tm of the series (Figure 8) and is the most highly stabilized
enthalpically and in terms of free energy.

One of the hallmarks of small, soluble proteins is the small
does not require perturbing the solution conditions but range ofAC, exhibited upon thermal denaturation (Privalov
assumes thakC, is constant over a large temperature range & Gill, 1988; Makhatadze & Privalov, 1990; Pace et al.,
(>60 °C, in this case). By contrast, the use of van't Hoff 1989). The values are generally in the range of 18 call
enthalpies obtained at various solution conditions requires amol~! K= on a per residue basis. Each of the RLP dimers
less extreme temperature range but introduces possiblehas a value oAC, in the range expected for natural proteins
deviation associated with different protonation states of the of this size, and these represent the largest such values

Therefore, we were pleased to find that both determined for designed proteins to date. There is an

incremental increase iAC, with increasing hydrophobic
content, consistent with the hypothesis thad, is propor-

Finally, differential scanning calorimetry (DSC) was used tio_nal to the change in apolar surface area upon_denaturation
to further confirm that the CD experiments were an accurate (Eisenberg et al., 1989; Spolar et al., 1992; Xie & Freire,
measure of the enthalpy change and two-state behavior 0f1994).
the RLP dimers. The data are summarized in Table 2, and Nuclear Magnetic Resonancelhe NMR characteristics
Figure 11 displays the superposition of the CD and DSC of the RLP dimer complexes were also examined. The
dimers are soluble (up te’1 mM), and yield high-quality
spectra. In the one-dimensional spectrum of RLP-1 (data
not shown), the amide protons are dispersed and the aliphatic
methyl resonances show a few singularly resolved peaks. In
methods is 1.02. The cooperativity of the transition as the fingerprint region of the TOCSY spectrum (Figure 12),
about 80% of the expected NHC,, cross-peaks are resolved.
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. AT T g T et al., 1994a,b; Dill et al., 1995). Similarly, the presence of
o . 0§ , several nearly isoenergetic states has been considered as a
h 7 A 0 ) major cause of molten globule-like behavior of some
SRR T fo *we : designed proteins (Raleigh et al., 1995; Betz et al., 1996).
s : i The three proteins of the RLP series all behave as native-
: Qa i * like proteins with RLP-3 being the most thermodynamically
40 _ stable. In its design, RLP-3 possesses six layers of hydro-
A BN I phobic core that consist of two Leu’s, one Ala, and one Val
P | 0 ' b P residue (LAV). The other proteins contain two (RLP-2) or
E ' ‘ four (RLP-1) LA, layers with the remainder beingAV.

467 The regular packing throughout its entire hydrophobic core

- may contribute to the significant enthalpic stabilization of
the RLP-3 complex.

ppm The effects of the packing of the interior side chains on
FiGURE 12: Two-dimensional TOCSY spectrum of RLP-1 at 298 the stability of the naturally occurring ROP protein have been
K in 10 mM potassium phosphate and 10%CDat pH 6.9. The explored (Munson et al., 1994, 1996). In these studies, the
BB et i ek ot . st oot e5iUES a ha andd posilons were syetematial varied
HOD. Chenqical shifts are given in parts per million from DSS. Wh'.le maintaining the. t°p°'°9y'det‘?”'“.”?”tg ¢, & andg

residues as they are in ROP. The individual repacked core

variants displayed a wide variety of characteristics from
unfolded, to fully native-like, to aggregated tetramers. The
most native-like molecules had cores composed of Ala and
Leu. By comparison, the global stabilities (at 300 K) of the
RLP series are very similar to those determined for wt-ROP
and the most well-behaved repacked core variants (Munson
et al., 1996).

The RLP series afie nao designed dimers demonstrates
that it is now possible to engineer sequences that fold into
stable native-like structures that possess the characteristics
of naturally occurring proteins. By regulation of the

ppm

9.0 8.0 7.0

nature of the complex and the lack of aromatic residues (one
tyrosine per 51-residue monomer).

One criterion for native-like behavior of designed proteins
that we have suggested is amide pretdeuterium exchange
rates on the order of those found for naturally occurring
proteins (Betz et al., 1993). At pH 6 and I'%®, the
dissociation constants for the RLP dimers are in the low
micromolar range. Even at NMR concentrations (780
to 1 mM), a significant fraction (25%) of the population
is unstructured monomer which exchanges with a half-time

of approximately 5 min at this pH. Rapid exchange between ; o ; .
monomer and dimer overwhelms any protection that would hydrophoblc driving f‘?Fce through the m_gn!pulat|on of the
residues ah andd positions and the specificity through the

occur in the structured dimer. In principle, the proton ) ; ) . " :
deuterium exchange could be slowed by lowering the pH, mampula‘qon of the interfacid, ¢, &, andg positions, native- .
but this also decreases the stability of the dimer and like protein structures can now be produced. Several series
concomitantly further increases the concentration of the of expenm,ents are now underway to dete_zrmlne_z ho‘.N clos_ely
unstructured monomer. the dimers’ structures match those of their design, including
NMR, crystallography, and the generation of a recombinant,
DISCUSSION single-chain version that should maintain the same interhe-
lical interactions. The strategies outlined here should serve

The RLP series of proteins represents another step in theas a blueprint for the generation of functional molecules as
evolution of designed proteins toward native-like behavior el| as those with more complex tertiary structures.

(Raleigh et al., 1995; Nautiyal et al., 1995; Olofsson et al.,
1995; Betz & DeGrado, 1996). These proteins behave in ACKNOWLEDGMENT
all biophysical criteria examined as native proteins: single
association state, lack of ANS binding, native-like thermo-
dynamic behavior, and spectroscopic properties.
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ROP has provided a solid foundation for e nao design
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