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Abstract

We have previously reported the development and evaluation of a computational program to assist in the design of
hydrophobic cores of proteins. In an effort to investigate the role of core packing in protein structure, we have used this
program, referred to as Repacking of Cores (ROC), to design several variants of the protein ubiquitin. Nine ubiquitin
variants containing from three to eight hydrophobic core mutations were constructed, purified, and characterized in
terms of their stability and their ability to adopt a uniquely folded native-like conformation. In general, designed
ubiquitin variants are more stable than control variants in which the hydrophobic core was chosen randomly. However,
in contrast to previous results with 434 cro, all designs are destabilized relative to the wild-type (WT) protein. This
raises the possibility that -sheet structures have more stringent packing requirements than a-helical proteins. A more
striking observation is that all variants, including random controls, adopt fairly well-defined conformations, regardless
of their stability. This result supports conclusions from the cro studies that non-core residues contribute significantly to
the conformational uniqueness of these proteins while core packing largely affects protein stability and has less impact
on the nature or uniqueness of the fold.

Concurrent with the above work, we used stability data on the nine ubiquitin variants to evaluate and improve the
predictive ability of our core packing algorithm. Additional versions of the program were generated that differ in
potential function parameters and sampling of side chain conformers. Reasonable correlations between experimental and
predicted stabilities suggest the program will be useful in future studies to design variants with stabilities closer to that
of the native protein. Taken together, the present study provides further clarification of the role of specific packing
interactions in protein structure and stability, and demonstrates the benefit of using systematic computational methods

to predict core packing arrangements for the design of proteins.
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Protein design is an extremely powerful method for critically test-
ing the relationship between the primary sequence and three-
dimensional structure of proteins. One goal of protein design is to
reconstruct known three-dimensional folds from completely novel
amino acid sequences. The concepts used to design the amino acid
sequences constitute a hypothesis of what interactions are neces-
sary for a protein to adopt a given three-dimensional structure with
the properties of natural proteins, and at what level of detail these
interactions must be considered.

The hypotheses of early protein design efforts were based on the
assumption that simple empirical rules would be sufficient. These
designs included, foremost, patterns of hydrophobic and hydro-
philic residues, and to a lesser extent, secondary structure propen-
sities and potential electrostatic interactions. The common result of
such designs has been a protein that contains significant amounts
of the desired secondary structure and folds into an approximately
correct topology (Hecht et al., 1990; Kamtekar et al., 1993; Quinn
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et al., 1994; Yan & Erickson, 1994), sometimes with considerable
stability (Regan & DeGrado, 1988). This result strongly supports
the notion that burial of hydrophobic surface area is largely suffi-
cient to direct folding of a polypeptide chain to the correct global
fold (Dill, 1990; Handel et al., 1993; Kamtekar et al., 1993). How-
ever, a protein that possesses all of the characteristics of a natural
protein has yet to be designed. The major obstacle has been the
inability to design proteins with a well-ordered (i.e., unique) ter-
tiary structure. Consequently, an important goal in current design
strategies is to determine the key interactions that encode the well-
ordered properties of natural proteins, and to develop methods to
adequately model them.

One explanation for the non-native behavior of designed pro-
teins is that they lack the specific packing interactions observed in
the cores of natural proteins (Richards, 1977; Lim & Sauer, 1991;
Richards & Lim, 1993). This suggestion has prompted several
groups to consider packing interactions more seriously in their
design strategies (Raleigh & DeGrado, 1992; Quinn et al., 1994;
Tanaka et al., 1994). The role of core packing in protein design has
been investigated both in a de novo system (Regan & DeGrado,
1988) and in the redesign of natural proteins (Harbury et al., 1993;
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Munson et al., 1994, 1996). In these studies, qualitative approaches
to core packing were used to design helical bundle proteins. Al-
though successful, these strategies are limited in that one can only
consider a few alternative core sequences among the enormous
number of potential sequences. A method that can efficiently pre-
dict a large number of alternative core sequences using more ob-
jective and quantitative measures would clearly be desirable for
protein design. Success in the prediction of side chain structure,
core sequence, and relative stabilities in natural proteins (Ponder &
Richards, 1987; Summers & Karplus, 1989; Holm & Sander, 1991;
Lee & Levitt, 1991; Lee & Subbiah, 1991; Tuffery et al., 1991;
Hellinga & Richards, 1994; Kono & Doi, 1994) has recently en-
couraged the use of computational approaches for the design of
hydrophobic cores (Hurley et al., 1992; Desjarlais & Handel, 1995;
Dahiyat & Mayo, 1996; P.B. Harbury, J.J. Plecs, B. Tidor, T. Alber,
P.S. Kim, in prep.). In these studies various optimization proce-
dures were used to evaluate the “fitness” of a significant number of
alternative core sequences. However, despite the success of these
studies, a fully predictive understanding of hydrophobic core pack-
ing in proteins has not been realized, and the de novo design of
stable, unique proteins remains a challenging problem.

This study is an extension of previous work in which we re-
ported the development of Repacking of Cores (ROC), a compu-
tational program that attempts to find novel core sequences given
the backbone structure of a protein of interest (Desjarlais & Han-
del, 1995). The program uses a genetic algorithm (Holland, 1992)
to optimize the search for alternative core structures, which are
scored on the basis of a van der Waals potential energy function.
The effectiveness of ROC was tested by characterizing several
hydrophobic core variants of the protein 434 cro. Results showed
that variants predicted to be energetically favorable were compa-
rable in stability to wild-type (WT) and much more stable than
control sequences in which the hydrophobic core was chosen ran-
domly, validating the methodology.

Because 434 cro is an all a-helical protein, we became inter-
ested in the predictive ability of ROC to redesign cores of proteins
with high B-sheet content. Given that the hydrogen bonding that
stabilizes an a-helix is predominantly local, whereas that stabiliz-
ing a B-sheet is nonlocal, it has been suggested that a-helical folds
are intrinsically easier to design than S-sheet folds (Hecht, 1994).
This is supported by the fact that the most successful attempts at de
novo protein design have used helical bundles as model systems
(Betz et al., 1993). We therefore chose the @ + B protein ubiquitin,
a single-domain eukaryotic protein involved in proteolytic degra-
dation. Several other aspects of ubiquitin besides its B-sheet con-
tent make it a good model system for this study. First, it is extremely
stable. 434 cro is only moderately stable, and therefore variants
with randomized hydrophobic cores, made as controls, resulted in
unfolded proteins. As a consequence, expression, purification, and
characterization of these proteins was difficult. Ubiquitin’s high
stability allows enough “folding room” so that even highly desta-
bilized variants are structured and can be easily expressed and
characterized. Secondly, ubiquitin is small (76 residues), ex-
tremely soluble, and gives well-dispersed NMR spectra, all of
which should allow detailed structural characterization of variants
by NMR. Third, there is a significant amount of structural (Di
Stefano & Wand, 1987; Vijay-Kumar et al., 1987; Weber et al.,
1987), dynamic (Schneider et al., 1992; Wand et al., 1996), thermo-
dynamic (Wintrode et al., 1994), and kinetic folding data (Briggs
& Roder, 1992; Khorasanizadeh et al., 1993; Khorasanizadeh
et al., 1996) available for the WT protein, which will be useful for
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comparison with our designed proteins. In the present study, we
designed and expressed several core variants of ubiquitin, and
investigated how structure, stability, and conformational unique-
ness is affected by alternative core packing arrangements.

Results

Description of program and parameters

Details of ROC have been described previously (Desjarlais &
Handel, 1995). Briefly, ROC uses a genetic algorithm (GA) to
optimize a search for low energy core structures for a given pro-
tein. The search is conducted using a library of side-chain rotamers
“customized” for a particular protein backbone which remains rigid
throughout the search. The potential energy function is based pre-
dominantly on a Lennard-Jones potential function, with the inclu-
sion of a side-chain torsional potential for some versions of the
program. The starting population for a GA run consists of model
structures whose core sequences and structures are chosen ran-
domly. Each round of evolution begins by calculating the energies
for each model structure in the population. These structures are
then recombined, with the more energetically favorable sequences
in the population recombining more frequently. The round ends
with the introduction of random mutations of either side-chain
identity or rotamer conformation. The program proceeds through
several hundred iterations of a cycle consisting of energy calcula-
tion, recombination, and mutation. At the end of the search the
program outputs a list of energetically favorable core sequences
with their predicted side-chain orientations.

Concurrent with our use of ROC to design ubiquitin variants, we
attempted to improve the program by optimizing the atomic radii
and well depths parameters of the Lennard-Jones potential func-
tion. The parameters were modified twice, totaling three sets. The
first set of parameters is that used with the initial version of ROC
(Desjarlais & Handel, 1995). The motivation for improving these
parameters arose from experimental results of variants designed
with the first parameter set, which were predicted to be more stable
than WT but found to be less stable.

The program with each respective parameter set is designated
ROC1, ROC2, and ROC3 (seec Materials and methods for details).

Redesign of ubiquitin’s hydrophobic core

We have used ROC to design nine hydrophobic core variants of
ubiquitin using the backbone coordinates of the X-ray structure
(accession code 1UBI) (Vijay-Kumar et al., 1987). Fourteen core
positions were chosen by visual inspection of the structure, and are
displayed in the ribbon diagram of WT ubiquitin (Fig. 1). These
residues make up a single continuous hydrophobic core at the
interface between the a-helix and the B-sheet. In the designed
proteins, the core residues were allowed to mutate to Val, Leu, Ile,
and Phe. Other hydrophobic amino acids such as Met, Trp, and Tyr
have partial polar character and were therefore not included in the
search.

Sequences were evaluated on the basis of several quantitative
and qualitative criteria. Design candidates were identified by com-
paring the output energies reported by the program. We then con-
sidered the frequency with which a sequence recurred during the
evolution; a frequently predicted core sequence indicates that it is
less sensitive to subtle differences in packing arrangements. Pref-
erence was also given to sequences with core volume and second-
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Fig. 1. Molscript diagram (Kraulis, 1991) of human WT ubiquitin back-
bone with the 14 chosen core side chains. The structure is based on the
X-ray coordinates (Vijay-Kumar et al., 1987).

ary structure propensity comparable to the WT protein so that
experimental results could be interpreted primarily in terms of
packing. Models of selected designs were also visually inspected
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with the program INSIGHT II (Biosym Technologies, San Diego,
California) as further confirmation of a “well-packed” core.

In addition to the above criteria, it is important to emphasize that
the dominant criterion used to select design candidates was the
number of mutations relative to the WT sequence. Studies of high
resolution structures of hydrophobic core mutants have shown that
natural proteins typically relax to accommodate a small number of
mutations, resulting in a slightly perturbed WT hydrophobic core
(Eriksson et al., 1992, 1993; Baldwin et al., 1993; Lim et al.,
1994). Our aim was to design entirely novel packing arrangements
in the core, and therefore we selected sequences with a large (six
to eight) number of changes from WT. Two variants have fewer
than six mutations; these were chosen because the output energies
indicated the superiority of these core sequences over other
sequences.

Characterization of the solubilities, circular dichroism (CD) spec-
tra, and stabilities of the proteins distinguished two types of vari-
ants, which we refer to as class I and class II (see below). The core
composition and calculated energies of the designs are shown in
Figure 2 along with the volume difference from the WT core and
class to which each belongs.

Solubility of ubiquitin variants

An initial indication of a successful protein design, particularly one
involving B-sheet structure, can be solubility. The six class I vari-
ants were all expressed in soluble form and purified in the same
way as the WT protein (see Materials and methods). The three
class II variants, however, were purified from inclusion bodies.
The tendency of class II variants to aggregate was corroborated
during the preparation of NMR samples. At pH 5, 1] mM NMR
samples of all class I proteins were prepared with no apparent
aggregation, but it was not possible to achieve this concentration
with the class II proteins. Among the class I variants there is some
variability in solubility as well. Attempts at preparing 1 mM sam-
ples at higher pH resulted in aggregation of 3D6, and to a small
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Fig. 2. Designed and control variants of ubiquitin. For variant names, the first number designates the parameter set used to design the
protein, the letter that follows designates whether the protein is a design (D) or a random control (R), and the final number designates
the number of changes from the WT core sequence. The letters under the residue numbers indicate the secondary structure of that
position: s indicates sheet, h indicates helix, and ¢ indicates coil. Boxed residues indicate mutations from the WT protein. The output
energies from the program are presented, but because different parameter sets were used for the designs these energies are those
predicted by our final version of the program ROC* (see below). Also listed is the volume difference from WT, AV in A3, and the class

to which each variant is assigned.
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extent 2D6. These results indicate that packing interactions in the
hydrophobic core of ubiquitin affect its solubility.

CD spectra

To verify that the designs have retained the overall fold of the WT
protein we examined the CD spectra of all 10 proteins (Fig. 3).
Five of the six class I variants, 1D8, 2D6, 3D3, 3D4, and 3D6,
have spectra that are within error of the WT protein. The other
class I variant, 1D7, has a spectrum that has an amplitude com-
parable to the WT signal, but also a larger positive band at ap-
proximately 218 nm. This difference is perhaps due to the presence
of an extra phenylalanine, which can make significant contribu-
tions to features in both the near and far UV CD spectrum (Man-
ning & Woody, 1989). In contrast, the three class II variants (R6,
R7, and 2D7) have CD spectra which differ significantly from the
WT protein in shape and/or amplitude. These results can be at-
tributed to loss of stability, subtle differences in native structure
(e.g., twist of the sheet), or a combination of both. Stability data
(see next section) taken under identical conditions to the CD spec-
tra indicate that for 2D7 and R6 the ratio of folded to unfolded
protein is on the order of 100:1. Such a small population of un-
folded protein cannot account for the amplitude loss in these spec-
tra. Furthermore, although R6 is more stable than R7, it has a
smaller amplitude. Finally, the spectra of all three class II proteins
were unaffected by the addition of 40% glycerol, a protein rena-
turant (data not shown). Together with the NMR and ANS data
described below, these results suggest that the anomalies in the
class IT CD spectra are due to subtle differences in the local struc-
ture of these proteins rather than stability differences or gross
changes of the fold.

Stability and cooperativity

The stabilities of designed proteins are typically characterized by
thermal denaturation because the cooperativity of this transition
can be a sensitive probe of structural uniqueness. However, at
physiological pH, WT ubiquitin is stable to temperatures in excess
of 100 °C. The more stable variants showed a similar resistance to
thermal denaturation, whereas the less stable variants aggregated
before an unfolding transition could be observed. For these rea-
sons, the stability of each protein was investigated by monitoring
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Fig. 3. Far UV CD spectra of the ubiquitin proteins. The spectrum of the
WT protein is shown in bold.
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the change in CD signal at 222 nm as a function of guanidine-
hydrochloride (GuHCI) concentration. These data are presented in
Figure 4 as the apparent fraction of unfolded protein along with the
thermodynamic parameters describing the folding transitions:
AGy,0, the free energy for unfolding in the absence of denatur-
ant, m, the cosolvation free energy change per mole of denaturant,
and C,,, the concentration of denaturant at the midpoint of the
transition. These results for WT ubiquitin at pH 7.0 (AGy,0 = 7.2
kcal mol~™!, m = 1.9 kcal mol~' M~!, and C,, = 3.8 M) are
comparable to those of Roder and colleagues who report AGy,g =
6.7 kcal mol ™!, my,, = 1.8 kcalmel"' M~} and C,, = 3.9 M at
pH 5.0 (Khorasanizadeh et al., 1993).

Three distinct stability ranges are observed among the 10 pro-
teins, which is the primary reason for separating them into two
classes: WT is extremely stable, class I variants are moderately
destabilized relative to WT, and class Il variants are extremely
destabilized rélative to WT. This, in conjunction with the fact that
ROC1 predicted the WT core sequence to be far from the lowest in
energy, is what motivated us to reparameterize the program. None-
theless, the results are encouraging because all designs except for
2D7 are considerably more stable than the two control proteins,
i.e., only one of the seven designs is in class II. The wide range of
stabilities of the 10 ubiquitin variants emphasizes the fact that
packing interactions in the hydrophobic core play a crucial role in
determining the stability of a protein.

In addition to stability differences, there are also slight differ-
ences in the m values of the proteins. Although these differences
may be close to the error of the measurement, there are clear
trends. All of the designs, including 2D7, have m values 0.1-0.5
greater than the two control proteins. m values are thought to
reflect the amount of hydrophobic surface area that becomes ex-
posed to solvent as a protein folds or unfolds (Schellman, 1978;
Shortle et al., 1990). Therefore, one interpretation of the m values
is that the designed-proteins have more efficiently packed hydro-
phobic cores than the random control proteins; not only does better
packing make the designs more stable, it also allows them to better
sequester their hydrophobic surface area from solvent. Alterna-
tively, m values can be affected by a loss of cooperativity in the
GuHCI induced unfolding transition. Further experiments are re-
quired to distinguish between these possibilities.

An unexpected result is that all of the designs have m values
0.1-0.4 greater than WT. Although the above explanations might
also apply to this observation, neither of these explanations seems
likely. If surface area burial were the cause of this trend, the
differences in m values between variants would correlate to some
extent with the differences in hydrophobic core residue volume
among the variants, but they do not. An alternative explanation
involves destabilization of any residual structure in the unfolded
state (Shortle et al., 1990). Consistent with this interpretation, we
have observed a significant amount of CD signal for unfolded WT
ubiquitin at high temperature but not at low temperature, which we
cautiously interpret as cold denaturation of residual structure in the
unfolded state (unpublished data). These results are supported by
the observation of a cold denaturing early folding intermediate of
ubiquitin by Roder and coworkers (Khorasanizadeh et al., 1993). If
the mutations have destabilized such residual structure in the de-
natured state of the variants, this could also account for the larger
m values. Given the highly conservative nature of these mutations,
such an explanation requires that residual structure in the unfolded
state is determined by the specific identity and not just the hydro-
phobic pattern of the residues in the hydrophobic core of ubiquitin.
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Fig. 4. Stability curves for the 10 ubiquitin proteins as measured by GuHCl-induced denaturation. Data were acquired by monitoring
the change in CD ellipticity at 222 nm. Shown is the apparent fraction of unfolded protein, obtained after curve fitting of the original
data. The adjacent table presents the thermodynamic parameters obtained from the fits: the Gibbs free energy for unfolding in the
absence of denaturant, AGy,o, in keal mol™!, the slope of the curve in the folding transition, m, in kcal mol™' M™', and the
concentration of denaturant at the midpoint of the transition, Cp, in M.

ANS binding

A common feature of de novo designed proteins is that they lack
well-packed tertiary structures and in this respect resemble the mol-
ten globule acid states of natural proteins (Kuwajima, 1989). A qual-
itative measure for good packing is the accessibility of the core to
the hydrophobic dye 8-anilino-1-naphthalenesulfonic acid (ANS)
(Mulqueen & Kronman, 1982; Semisotnov et al., 1991). These data
are shown in Figure 5 along with the fluorescence spectrum of ANS
in the presence of the acid state form of ribonuclease H (Dabora &
Marqusee, 1994), used here as a positive control. In contrast to ri-
bonuclease H, all ubiquitin variants do not bind ANS, suggesting
they are more well-packed than many previously designed proteins.
This is particularly significant in the case of the random control pro-
teins which do not bind ANS despite their marginal stability.

1D NMR spectra

A qualitative probe of conformational uniqueness is the level of
dispersion in NMR spectra. De novo designed proteins generally
have poorly dispersed spectra (Betz et al., 1993), presumably be-
cause increased structural disorder and dynamics leads to averag-
ing of chemical shifts close to random coil values. We therefore
collected one-dimensional 'H NMR spectra for all nine variants
and WT ubiquitin. These spectra are shown in Figure 6, along with
the WT protein in 6 M GuHCl as an example of dispersion in the
unfolded state. The chemical shift dispersion of all ubiquitin vari-
ants, including the class II proteins, is comparable to that of the
WT protein. This is most evident upon comparison of the spectra
with that of the unfolded WT protein, and indicates that all of the
ubiquitin variants, regardless of stability, have significant struc-
tural order. Several of the variants, particularly the two control
proteins, have slightly broadened peaks in some regions of their
spectra. This result may reflect conformational exchange, possibly
indicating subtle differences in the degree of order/dynamics among

the proteins. However, given the solubility problems observed in
preparing these NMR samples (see Materials and methods), this
broadening could also be due to nonspecific protein aggregation.

The dispersive nature of the spectra is emphasized by the pres-
ence of both downfield-shifted and upfield-shifted resonances. Sev-
eral spectra, including 1D7, 1D8, 3D3, 3D4, and 3D6, have
resonances which are further downfield than those in the WT spec-
trum. This shift is particularly dramatic in the 1D7 spectrum. Fig-
ure 6 also shows the presence of upfield-shifted resonances in all
of the spectra. Such dramatic upfield shifts are typically attributed
to ring currents from nearby aromatic residues. These results fur-
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Fig. 5. Fluorescence emission spectra of the ubiquitin proteins in the pres-
ence of ANS. The lower intensity spectrum represents all nine ubiquitin
variants and WT in the presence of ANS at pH 7.0, as well as ANS alone
at pH 7.0 and pH 2.0. The higher intensity spectrum represents the fluo-
rescence of ANS in the presence of E. coli ribonuclease H in its acid state
at pH 2.0 (Dabora & Marqusee, 1994).
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Fig. 6. NMR spectra of the all 10 ubiquitin proteins under native condi-
tions, and the WT protein under unfolded conditions in 6 M GuHCl. All
spectra were scaled equivalently, and the region downfield of 6.0 ppm was
scaled to 3.7 times that of the upfield region. The broad resonance at
approximately 7 ppm in the unfolded WT spectrum is due to GuHCI, and
the three starred peaks, present in several of the spectra, are due to a small
glycerol contaminant. The fact that the class Il samples were less concen-
trated resulted in the broad, distorted water peak after convolution, as well
as more prominant contaminant peaks, which were truncated for clarity. The
arrows indicate the three upfield-shifted 1D7 peaks referred to in the text.

ther support the presence of relatively well-ordered core packing in
all of the ubiquitin variants including the random controls.

The two upfield peaks in the WT spectrum at —0.22 ppm and
—0.43 ppm, respectively, are assigned to the 5-CH; of Leu50, which
is packed against the aromatic ring of Tyr59, and one of the two
y-CHs of Ile61, which is packed against the ring of Phe45 (Di Ste-
fano & Wand, 1987). We are in the process of solving the structure
of 1D7 by NMR and currently have this protein fully assigned (E.C.
Johnson, G.A. Lazar, J.R. Desjarlais, T.M. Handel, in prep.). The
three upfield-shifted protons in the 1D7 spectrum at 0.09 ppm,
—0.05 ppm, and —0.48 ppm, respectively, are assigned to the 5-CH;
of Leu50, the §-CHj; of Ile30, and one of the two y-CHs of Ile61.
Figure 7 shows selected side chains in the predicted 1D7 model that
rationalize these upfield-shifted peaks. In agreement with the NMR
data, the model preserves the two WT-like aliphatic—aromatic in-
teractions: Leu50 is packed against Tyr59, and Ile61 against Phe45.
In this model I1e30 is packed against the mutant residue, Phe26, pro-
viding an explanation for the Ile30 shift from 0.65 ppm in the WT
protein (Di Stefano & Wand, 1987) to —0.05 ppm in the 1D7 pro-
tein. High resolution structural information will ultimately verify if
these predictions are correct.

G.A. Lazar et al.
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Fig. 7. Predicted core structure for the 1D7 ubiquitin design showing the
Ile30-Phe26 interaction, and the two WT-like LeuS0-Tyr59 and Ile61-
Phed45 interactions. Aliphatics are shown in red and aromatics are shown in
black. The upfield-shifted protons, namely the 6-CHj; protons of Ile30, the
6-CH; protons of Leu50, and the y-CH proton of Ile61, are shown in blue.
The predicted structure is from ROC*. The figure is displayed using the
program INSIGHT II (Biosym Technologies, San Diego, California).

Predictive ability of ROC

Having stability data for 10 hydrophobic core sequences of ubig-
uitin provides an excellent opportunity to evaluate and improve the
predictive ability of ROC. Our strategy involved maximizing the
correlation between experimentally determined stabilities and pre-
dicted energies for all 10 proteins, and maximizing the number of
correctly predicted WT rotamers. The two main variables that were
modified to improve the program were the potential function pa-
rameters and the library of side-chain conformers. For the potential
function, we evaluated the predictions of ROC using three different
parameter sets (see Materials and methods). For the rotamer li-
brary, we explored the use of a customized rotamer library for
ubiquitin versus a standard rotamer library obtained from the PDB
(Tuffery et al., 1991). We have also developed a new version of
ROC which incorporates the non-bonded parameters from the
AMBER/OPLS potential (Weiner et al., 1984; Jorgensen & Tirado-
Rives, 1988) or the AMBERYS potential (Cornell et al., 1995), and
includes side-chain torsional potentials taken from those force fields.
For the AMBER versions of ROC, a nearly continuous set of
rotamers was used instead of a library of rotamers, allowing a
much finer search of side-chain dihedral angles. The results of
comparing the different strategies are shown in Table 1. The best
results are obtained when ROC is used with the AMBER9S po-
tential and a continuous rotamer search. We therefore chose this set
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Table 1. Comparison of ROC with various parameter sets
and rotamer searches®

Rotamers
Parameters Custom library Standard library
1 0.69 (L,1) 072 (1,2)
2 0.79 (1,2) 0.55 (L,1)
3 081 (2,2) 0.26 (0,3)

Continuous search

AMBER/OPLS 0.63 (1,1)
AMBER95 0.82 (1,1)

#The first number represents the correlation between predicted and ex-
perimental energies. The two numbers in parentheses represent the number
of x; and y, rotamers, respectively, which are incorrectly predicted for the
WT protein.

of conditions for the final version of ROC, and refer to this pro-
gram as ROC*.

The final correlation for ROC* is shown in Figure 8. The pro-
gram predicts the WT core to be the most stable, and clearly
distinguishes the control proteins from the designs. However, 2D7,
which has the third highest experimental energy (—2.8 kcal mol '),
is incorrectly predicted to be quite stable by ROC* and all other
versions. It is an obvious outlier, and when excluded the correla-
tion improves to 0.91. We offer two possible explanations for this
problem. First, 2D7 has two extra methylene groups relative to
WT, more volume than any other variant. Additional interactions
provided by these methylenes should result in a more favorable
predicted energy but this may be offset by strain or other steric
costs due to adding more volume to the core. Apparently the po-
tentials do not accurately represent the balance between these op-
posing interactions. Alternatively, the phenylalanine in 2D7 may
be the cause of the overestimation in stability. The two variants

i R=0.82

~-90

-100

Predicted Energy

-110

Experimental Energy

Fig. 8. Plot of predicted versus experimental stabilities of the ten ubiquitin
proteins using ROC*. The line represents the best linear fit to the data using
Kaleidagraph, and the correlation value, R, for the data is presented.
Experimental energies are the Gibbs free energy of folding, AGy,o, in
kcal mol ™', obtained from the GuHCI denaturation data, and calculated
energies are in the arbitrary units of the program and have no comparative
meaning.
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that contain an extra phenylalanine (1D7 and 2D7) are predicted to
be significantly more stable than they are. In other studies using
AMBER it has been observed that packing interactions of phen-
ylalanines are predicted to be more energetically favorable than
those of aliphatics (Hurley et al., 1992), and our results may reflect
the same problem.

Figure 9 shows the core side chains of the predicted WT struc-
ture compared with those from the X-ray crystal structure. 13 out
of 14 x; and 10 out of 11 y, WT rotamers are predicted correctly.
x1 of Ile13, one of the two incorrectly predicted conformers, is in
a non-standard rotamer. However, in no case is this rotamer pre-
dicted when customized libraries are used. The other incorrectly
predicted rotamer, y, of Leu69, is at the C-terminus of the protein
and may simply be insufficiently constrained for ROC to correctly
predict it.

Discussion

The purpose of this study has been to investigate the role of hy-
drophobic core packing on the structure, stability, and uniqueness
of proteins. Our approach involves the development of systematic
computational methods to predict core packing arrangements, cou-
pled with experimental investigation of these predictions. The most
significant results of this study are the wide range of protein sta-
bilities that result from alternative hydrophobic cores of ubiquitin,
and the fact that, regardless of stability, all proteins adopt a rela-
tively unique folded state.

It is important to point out those factors which are not respon-
sible for the greater stability of the WT protein relative to the
designs, and the greater stability of the designs relative to the

Fig. 9. Structural comparison of the WT ubiquitin core predicted by ROC*
to that from the X-ray structure (Vijay-Kumar et al., 1987). X-ray structure
core side chains are in black and predicted core side chains are in red. Side
chains which have incorrectly predicted rotamers in the predicted structure
are shown in blue. Hydrogens are not shown for clarity. The figure is
displayed using the program INSIGHT II (Biosym Technologies, San Di-
ego, California).



1174

random controls. First of all, the number of substitutions relative to
the WT sequence does not correlate with stability. For example,
R6 and R7 have comparable numbers of mutations as the designs.
Secondly, core volume does not appear responsible for differences
in stability. R7 has essentially the same volume as several of the
designs as well as the WT protein. Additionally, if volume of the
core were solely responsible for stability, then 2D7 would be the most
stable. Finally, stability cannot be attributed to secondary structure
propensity because R6 has by far the highest secondary structure
propensity score of any of the proteins (Chou & Fasman, 1978),
and yet is one of the least stable. In the absence of a major influ-
ence from these factors, we believe this study makes an undeniable
argument for the importance of core packing to the stability of a
protein. A stark example is made by comparing WT, 3D6, and R7.
Figure 2 reveals that these three proteins contain not only the same
volume, but exactly the same composition. The only difference
among them is the packing of their core residues, and yet these
three proteins have stabilities spanning a range of greater than
5 kcal mol ~!. Such a result, independent of a quest for uniqueness,
justifies the consideration of specific packing interactions in de
novo protein design.

We conclude that variation in stability of these 10 ubiquitin
proteins is due predominantly to differences in packing and/or
conformational strain. This interpretation is consistent with the
clear correlation found between the energies calculated with ROC*
and experimentally determined stabilities. In a simplified view of
these effects on the energetics, the conformational strain lies in the
use of different side-chain rotamers to achieve optimal packing of
the core. The lowest energy structures are able to efficiently pack
while using a set of near optimal rotamers, while those which are
destabilized have to rely on the use of rotamers which are non-
optimal. In reality, this rotamer strain may translate to conforma-
tional strain which involves adjustment of the backbone geometry.
However, backbone adjustment is not allowed in our current ver-
sion of ROC.

Contrary to the stability differences among the 10 ubiquitin
proteins, all of them, even the randomized core controls, appear to
possess a fairly high degree of conformational specificity. All
proteins have well-dispersed NMR spectra, and none bind ANS.
Even the randomly designed variants R6 and R7 have very well-
dispersed NMR spectra, despite the fact that they are destabilized
by approximately 5 kcal mol ~!. A related example of this effect
has been observed in the case of a T4 lysozyme variant which is
active and cooperatively folded although a significant portion of
the core has been replaced by methionine residues (Gassner et al.,
1992). These results are quite striking, and are at odds with the
view that hydrophobic packing interactions play a dominant role in
determining native state specificity and uniqueness. In an extreme
interpretation, these results would seem to suggest that energeti-
cally favorable packing interactions in the hydrophobic core do not
contribute to structural specificity. However, we prefer the alter-
native explanation that the uniqueness of natural proteins is over-
determined by a combination of interactions involving core and
noncore residues. This view does not necessarily extend to de novo
designed proteins, which typically lack the many specific tertiary
interactions of native proteins. In fact, specific packing in the
hydrophobic core may be necessary for designing conformational
uniqueness into de novo proteins. Whether specific packing is
sufficient for uniqueness is as yet an unanswered question.

Does core packing affect the fold? There are some differences in
the structures of the proteins, indicated by the anomalous class II
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CD spectra and the variability in solubility among the 10 ubiquitin
proteins. An example of such structural differences is shown by
3D6 and 3D3. Both have comparable volume, and even compara-
ble stability, yet 3D3 appears to be as soluble as the WT protein
while 3D6 readily aggregates at physiological pH. Another exam-
ple is given by R6 and 2D6, two proteins with essentially the same
core volume, yet different CD spectra. The fact that the stability of
R6 is —2.7 kcal mol ™!, and that addition of glycerol has absolutely
no effect on its CD spectrum indicate that, although R6 is desta-
bilized relative to 2D6, it is still completely folded under the
conditions of these experiments. These structural differences among
the proteins are unlikely due to major changes in their folds. If that
were the case, we would not expect the alternative conformations
to be as well-structured as the NMR and ANS results indicate.
Instead, these differences are most likely the result of minor ad-
justments of the protein backbone due to differences in core pack-
ing, a well-recognized response to mutation (see below). These
results support the view that packing interactions in the hydropho-
bic core are important determinants of local structure in proteins
but do not determine a protein’s fold. Exceptions to this have been
published, and involve multimeric proteins which change their
oligomeric state depending on the nature of core residues (Harbury
et al., 1993; Munson et al., 1996). It is also possible that packing
interactions may play a greater role in determining the global fold
in de novo designed proteins, where non-core residues may be less
optimally chosen.

It is important to note that, in an effort to design novel packing
arrangements in the core of ubiquitin, we chose to study variants
with a significant number of core mutations from WT. This, along
with the extreme stability of the WT protein, may be the reason we
observe such a large stability gap between our designs and the WT
protein. In fact, the four lowest energy output sequences from
ROC* have only one to four changes from the WT protein. The
inability to find disparate hydrophobic cores of ubiquitin as stable
as the WT is in contrast to our previous experiment with 434 cro,
where variants designed with five to eight substitutions had sta-
bilities comparable to that of the WT protein (Desjarlais & Handel,
1995). We propose two possible reasons for this. The first is the
predominance of B-sheet structure in ubiquitin. Alternative core
packing arrangements may be more difficult to accommodate in
B-sheet structures than in a-helical ones due to the non-local na-
ture of the stabilizing interactions in B-sheets. Secondly, ubiquitin
is unusually stable for its size. Its stability may have evolved to
resist degradation in the continual presence of the proteolytic ma-
chinery. Regardless of the reason, it appears that evolution may
have designed by far the best hydrophobic core for the ubiquitin
fold.

In regard to ROC’s effectiveness for the design of hydrophobic
cores, the most encouraging result is that, with one exception, all
designs are significantly more stable than randomized controls.
Furthermore, all but one of the designs appear to be more struc-
turally similar to the WT protein than randomized controls. Al-
though in the present study we have characterized only two random
core variants, other reports have shown that random core design
typically leads to a significant loss of stability and/or activity. For
example, Fersht and colleagues find that 77% of barnase variants
with randomized hydrophobic cores do not retain enzymatic ac-
tivity (Axe et al., 1996). We conclude from these observations that
ROC, or similar packing algorithms, will generally be superior to
approaches that utilize random sequence selection for the design of
hydrophobic cores.
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The large decrease in stability of all of the designs relative to the
WT protein indicates that a complete understanding of core packing,
at least in terms of predictive ability, has not been fully realized.
Our examination of different parameter sets and different methods
of sampling side-chain orientations identified the AMBER95/
continuous rotamer search as the best set of conditions for ROC,
and we therefore chose this version, referred to as ROC*, as the
final version of the program. ROC* does identify the WT sequence
as the most stable protein of the current test set. Overall, the
correlation between calculated versus experimental stabilities using
this version is quite good (R = 0.82). ROC* also correctly predicts
13 out of 14 y; and 10 out of 11 y, rotamers for the WT protein,
of which the incorrect )y, is a nonstandard rotamer and the incor-
rect y; is poorly constrained.

There have been a number of studies that use existing experi-
mental data to evaluate the predictive ability of computational
methods. The emphasis in our study on trying to design proteins
with stabilities comparable to or greater than WT provides a par-
ticularly stringent test of our methods. The difficulty of improving
on a highly evolved core sequence almost guarantees that these
designed variants will be less stable than the WT, leading to re-
peated reassessment of the computational methods. Indeed, ROC2
and ROCS3 initially resulted in near perfect correlations of calcu-
lated versus experimental stabilities until they were used to gen-
erate more test sequences. At this point, the ROC* algorithm, using
the AMBERS9S5 potential, results in the best overall correlation.
While this is quite promising, until several variants are designed
using this version its true potential for the prediction of relative
stabilities remains speculative.

The lack of complete success with our core designs, as well as
the imperfect correlation with our final program, may be attributed
to a number of terms which are not included in the predictions such
as side-chain entropy effects, surface area burial, and backbone
flexibility. Because of the strong correlation observed without in-
cluding these effects, and the possibility that these effects may not
be independent, we believe that these terms should only be in-
cluded and optimized when a much larger data set is available. Of
these terms, we recognize that a significant limitation of the cur-
rent work is the assumption of a fixed backbone. It is now well
established that protein backbones can and do shift to accommo-
date mutations in the hydrophobic core (Eriksson et al., 1992,
1993; Baldwin et al., 1993; Lim et al., 1994). We know of one
other protein design program which takes into account protein
backbone movement (P.B. Harbury, J.J. Plecs, B. Tidor, T. Alber,
P.S. Kim, in prep.). Only when such backbone adjustment is ex-
plicitly treated can we hope to achieve a better predictive under-
standing of the structure and energetics of hydrophobic core variants.
Considering such backbone shifts will also be important for the
application of the current methods to de novo protein design. We
have modified ROC* to account for backbone relaxation, and are
currently carrying out a similar investigation of its use for the
prediction of hydrophobic core packing (J.R. Desjarlais & T.M.
Handel, in prep.).

Materials and methods

Program description

Details of the core evolution program ROC have been described
previously (Desjarlais & Handel, 1995). The energy function used
for ROC is based on a Lennard-Jones potential, defined as follows:
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For two atoms i and j:

[l o

R; and R; are the van der Waals radii which are used in the fol-
lowing combining rule:

except for the AMBER9S5 parameter set, which uses the combining
rule:

€; and ¢; are the well depths for atoms i and j, and d is the distance
between the two atoms. We attempted to improve the program by
changing the atomic van der Waals radii and the well depths of this
potential energy function. The parameters were modified twice,
totaling three sets. The first set of parameters is that used with the
initial version of ROC (Desjarlais & Handel, 1995) derived from
Hagler (Dauber & Hagler, 1980). The second and third parameter
sets were derived in two stages, and for both sets the parameters
were divided into three classes: intra-side-chain interactions, side
chain-backbone interactions, and side-chain—side-chain interactions.
For generation of the second set, intra-side-chain and side-chain—
backbone parameters were derived by computationally searching
for individual radii and well depths that resulted in an optimal
match between calculated side-chain rotamer preferences and prob-
abilities obtained from the PDB (McGregor et al., 1987). A Monte
Carlo search procedure using moves that modified individual atomic
parameters was performed to minimize the difference between
calculated side-chain rotamer distributions (in an ideal alpha-helix)
and the distributions derived from the PDB. Side-chain—side-chain
parameters were derived by searching for radii and well depths
which resulted in prediction of the crystal structure core to be
superior to many alternative decoy core structures that were gen-
erated with ROC. This was done simultaneously for a set of six
different proteins. The final atomic parameters were those which
resulted in the lowest squared sum of native core rankings over the
six proteins and corresponding decoy sets. The proteins and pdb
files used were ubiquitin (1UBI), 434 cro (2CRO), major cold
shock protein (1MJC), lambda repressor (1LMB), basic fibroblast
growth factor (2FGF), and thioredoxin (2TRX). Derivation of the
third parameter set was similar in nature, except instead of mod-
ifying individual atomic parameters, a common base set of param-
eters was globally scaled depending on the interaction type. Scaling
factors for each interaction type were derived using the same cri-
teria as for the second set, using monte carlo optimization of the
global scaling factors. Van der Waals parameters for the first and
second parameter sets are shown in Table 2. The third parameter
set uses the parameters from the first as a basis set with global radii
scaling factors of 1.0 for intra-side-chain interactions, 0.84 for
side-chain-backbone interactions, and 0.96 for side-chain—side-
chain interactions.

Independent of the derived parameter sets described above, we
also created versions of ROC which use the AMBER/OPLS united
atom parameters (Weiner et al., 1984; Jorgensen & Tirado-Rives,
1988) or the AMBERY5 potential (Cornell et al.,, 1995). The
AMBERSYS potential was modified slightly so that methyl group
hydrogens have zero radii and methyl carbons were assigned the
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Table 2. Atomic parameters®

Parameter set

2
1 sc-bb SC-SC

R € R € R €
Hydrogen 1.38  0.038 1.61 0.246 149  0.004
Methyl hydrogen 0.00 0000 000 0000 000 0.000
Carbon 203  0.148 216  0.233 272 0.048
Carbonyl carbon 2.18 0.039 2.06 0.093 — —
Methyl carbon 219 0160 212 0049 226 0.160
Aromatic carbon 2.00 0.110 2.29 0.117 2.24 0.043
Nitrogen 1.97 0.167 1.50 0.003 — —
Oxygen 1.61 0228 052  0.000 — —
Sulfur 219 0160 219 0160 240 0216

*Radii, R, are in A, and well depths, €, are in arbitrary units. Dashes
indicate that those parameters do not apply for the residues involved in
these interactions.

united atom values from the AMBER/OPLS potential. Partial
charges from the AMBEROS5 potential were not included. For these
versions of ROC, a side-chain torsional potential is also included
and the one to four nonbonded interactions are scaled by a factor
of eight for the AMBER/OPLS potential and a factor of five for
the AMBERG9S potential.

Design of ubiquitin variants using ROC

Three versions of the program, ROC1-ROC3, were used to design
the variants described in the present paper. The number in the
name of the designs designates which version of the program was
used for that particular variant. The rotamer library used for all
designs was a customized library based on the ubiquitin backbone
(Desjarlais & Handel, 1995). Each design trial used a custom
rotamer library generated with its respective parameter set, and
each library was additionally supplemented with a statistically de-
rived standard rotamer set (Tuffery et al., 1991). ROC was typi-
cally run using 100 supercycles of 500 rounds of genetic algorithm.

Evaluating the predictability of ROC

Calculation of energies for each ubiquitin protein under various
sets of conditions was carried out by allowing each core residue to
mutate only its rotamers. The output from such a run consists of a
list of energetically favorable cores that are identical to the input
sequence in residue identity but different in their rotamers and
calculated energies. In cases where a custom rotamer library was
used, each library was generated with its respective parameter set
and supplemented with the standard rotamer set. In cases where a
standard library was used, the y, and y, angles of each standard
rotamer were incremented at 10° over a deviation of *+20° from the
standard rotamer set. Finally, in the case where a “continuous™
rotamer search was used, all dihedral angle values within 50° of
each standard rotamer dihedral value were allowed, at 5° incre-
ments. Under all conditions, ROC was run using 10 supercycles of
300 rounds of genetic algorithm for each protein. For situations in
which rotamer libraries were constructed at 10° increments, each
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output was subsequently refined by rerunning the core sequence
through ROC using a new rotamer library consisting of a spread of
rotamers around those of the lowest energy output structure (as
done with the standard library). This library was residue specific
for each sequence, and was generated by varying both the y; and
X2 angles at 3° increments over a deviation of *15° from the
rotamer angles for that residue in the best output structure. Because
it searches an approximately continuous set of rotamers, ROC* did
not require such refinement.

Correlations were obtained by plotting the energy of the best
output core for each set of conditions versus the experimental free
energy. These data were fit to a linear equation using the program
Kaleidagraph (Synergy Software, Reading, Pennsylvania), and the
correlation in Table 1 represents the goodness of fit for this line.
The number of correctly predicted WT rotamers was also deter-
mined by comparing the rotamers of the best WT output core after
refinement for each set of conditions with those of the X-ray
crystal structure (Vijay-Kumar et al., 1987). A rotamer was con-
sidered to be correctly predicted if it was within *+40° of the
dihedral angle given by the X-ray structure. If a y, rotamer was
incorrect, an incorrect y, rotamer for the same residue was not
counted.

Construction of ubiquitin variants

The plasmid pNMHUB, containing a synthesized WT human ubiq-
uitin gene (Ecker et al.,, 1987), was a generous gift from Dr.
Tauseef R. Butt. The ubiquitin gene was subcloned into a p’AED
vector, a pUC-based plasmid that utilizes a T7 expression system
(Doerring, 1992). In addition, because of an Arg to Lys mistrans-
lation problem (Calderone et al., 1996), the four codons for argi-
nine were mutated to those preferred in E. coli. Ubiquitin mutants
were constructed using site-directed mutagenesis, using the re-
moval of unique restriction sites to select and screen for desired
mutations. The entire ubiquitin gene for each mutant was se-
quenced to confirm the presence of the mutations and the fidelity
of the sequence.

Expression, purification, and sample preparation of proteins

Ubiquitin proteins were expressed in a BL21/plysS strain (Studier
et al,, 1990) of E. coli by inducing cultures at mid-log growth
phase with 0.5 mM IPTG. Proteins were purified by one of two
procedures, depending on whether the protein partitioned into the
lysis supernatant or lysis pellet. All class I proteins were purified
by the supernatant procedure. Briefly, cells were collected by cen-
trifugation and lysed, and the supernatant was dialyzed into 50 mM
sodium acetate, pH 5.0, 5 mM EDTA. The sample was centrifuged,
and the supernatant was loaded onto a Fast Flow SP Sepharose
column (Pharmacia) and eluted with a linear salt gradient from 0
to 1 M NaCl in the same buffer. Fractions containing ubiquitin
were pooled and concentrated. The sample was then run over a
Superdex 75 sizing column (Pharmacia) using an FPLC in 50 mM
potassium phosphate, pH 7.0, 0.5 M NaCl, 5 mM EDTA. Fractions
containing ubiquitin were pooled and further purified on a Shi-
madzu HPLC using a reversed-phase C8 semipreparative column
(Vydac). The ubiquitin sample was then lyophilized.

Class II proteins were purified from the lysate pellet. Cells were
centrifuged and lysed, and the pellet was resuspended in 50 mM
sodium acetate, pH 5.0, 6 M urea. The sample was run over the
Fast Flow SP Sepharose column as indicated above except that all
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buffers contained 6 M urea. Fractions were pooled and dialyzed
into water. The precipitated sample was centrifuged, and the pellet
containing ubiquitin was resuspended in 6 M GuHCI and purified
over the HPLC reversed-phase column as above.

It is not possible to solubilize lyophilized ubiquitin directly into
aqueous solution. All experimental samples were therefore pre-
pared by dissolving lyophilized protein in 6 M GuHCI, and then
refolding by dialysis into several volumes of buffer or doubly-
distilled water.

All ubiquitin protein samples were determined to be greater than
95% pure as judged by the presence of a single band on a coo-
massie stained polyacrylamide gel, and the mass of each protein
was confirmed by mass spectrometry. Concentrations of all ubig-
uitin samples were determined by measuring the absorbance at
280 nm using a molar extinction coefficient of 1280 M~ ¢m ™!
(Gill & von Hippel, 1989).

Purified E. coli ribonuclease H was a generous gift from Dr.
Susan Marqusee.

CD spectroscopy and denaturation experiments

All CD experiments were performed on an Aviv 62DS CD spec-
trometer. CD spectra were recorded at 25 °C in 10 mM potassium
phosphate, pH 7.0. Protein concentration was 10 uM, and the cell
path length was 1 cm. The signal was scanned every 0.5 nm in the
range of 200 nm to 300 nm, with an averaging time of 5 s per nm.

GuHCl-induced denaturation experiments were carried out using
protein concentrations of 10 uM in 10 mM potassium phosphate,
pH 7.0 in a 1 cm path length cell. The CD signal at 222 nm was
monitored in kinetics mode with an averaging time of 1 s, where
each data point is the average of 200 s. Data points were taken at
0.2 M increments of GuHCI concentration.

Assuming a two-state folding transition and a linear dependence
of the free energy on denaturant concentration (Schellman, 1978),
the data were fit to the following equation using the program
Kaleidagraph (Synergy Software, Reading, Pennsylvania):

_ (Sy[GuHCI] + 1) — (Sy[GuHCI] + 1))
Bobsa = [ ((—AGHZO ¥ m[GuHCT]) >]
1+ exp

RT

where 6,54 1s the observed ellipticity, Sy, Iy, Sy, and I, are the
slopes and y intercepts of the native and unfolded baselines, re-
spectively, [GuHCI] is the molar concentration of guanidine-
hydrochloride, R is the gas constant 1.98 cal mol~! K™!, T is the
temperature in Kelvin, AGy,p is the Gibbs free energy for unfold-
ing in the absence of denaturant, and m is the slope of the curve in
the unfolding transition. Data were converted to the apparent frac-
tion of unfolded protein (F;) using the equation:

_ (Bopsa — On)

F =
P {8y — 6w

(5)

where 8y and 6 are the ellipticities of the native and unfolded
forms, respectively, obtained from the above-fitted baselines.

ANS binding fluorescence

Fluorescence data were collected on a Perkin Elmer MPF-44B
Fluorescence Spectrophotometer. Samples contained 250 uM ANS
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and 1 uM protein in 10 mM potassium phosphate, pH 7.0. Data
were collected at 25°C by exciting at 380 nm and monitoring
emission every 1 nm from 400 nm to 700 nm with an averaging
time of 1 s. Excitation and emission bandwidths were both 6 nm.

NMR

NMR spectra were collected on a Bruker DMX 600 spectrometer
at 25°C and processed using the program FELIX 1.1 (Hare Re-
search). Except for the denatured WT sample, all samples were
prepared in 10 mM deuterated sodium acetate, pH 5.0, 90% H,0-
10% D,O. The denatured WT protein sample was prepared in
25 mM deuterated sodium acetate, pH 5.0, 90% H,0-10% D,0,
6 M GuHCI. The concentration of all class I proteins was 1.0 mM.
At this concentration, class II proteins aggregated; however, ade-
quate protein concentrations for one-dimensional spectra could be
obtained after centrifugation. Final protein concentrations for these
samples were 0.2 mM for both R6 and R7, and 0.7 mM for 2D7.
The unfolded WT protein sample was 3.7 mM protein. One-
dimensional 'H spectra were collected with 1,024 complex points
using low power presaturation to suppress the water signal. Each
free induction decay was convolved with a sine function to remove
residual water, apodized with a 75°-shifted sinebell, and zero-filled
to 2 K points prior to Fourier transformation. Chemical shifts were
referenced to sodium 2,2-dimethyl-2-silapentane-5-sulfonate at
0 ppm and 25°C (Wishart et al., 1995). These data were taken
under different conditions than those of the published assignments
(Di Stefano & Wand, 1987; Weber et al., 1987), and therefore
chemical shifts are slightly different.
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