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Abstract

We present direct evidence for a change in protein structural specificity due to hydrophobic core packing. High
resolution structural analysis of a designed core variant of ubiquitin reveals that the protein is in slow exchange between
two conformations. Examination of side-chain rotamers indicates that this dynamic response and the lower stability of
the protein are coupled to greater strain and mobility in the core. The results suggest that manipulating the level of
side-chain strain may be one way of fine tuning the stability and specificity of proteins.
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Natural proteins have levels of structural specificity that span an
enormous range—from highly flexible and comformationally pro-
miscuous, unfolded, or partially folded states to rigid compact
structures. It is generally accepted that the degree of structural
specificity is related to protein function, whether that function is
signal transduction, binding0transport, or catalysis. Important in-
sights into the relationship between conformational flexibility and
function are emerging from crystallographic studies~Rader & Agard,
1997; Harata et al., 1999!, NMR dynamics experiments~Palmer,
1997!, normal mode calculations~Anderson et al., 1997; Miller &
Agard, 1999!, and molecular dynamics simulations~Chatfield et al.,
1998; Philippopoulos & Lim, 1999!. Equally important will be to
understand how various energetic interactions determine the con-
formational states accessible to proteins.

Protein design is an extremely powerful approach for addressing
such questions. Until recently, the design of a protein with a high
degree of structural specificity had not been demonstrated, making
this a major goal in the field. The application of computational
methods to design has reversed this trend, and recently many suc-
cesses have been reported including the design of novel hydro-
phobic cores~Lazar & Handel, 1998!, metal binding sites~Hellinga,

1998!, and complete de novo proteins~Dahiyat & Mayo, 1997;
Kortemme et al., 1998; Walsh et al., 1999!. With these develop-
ments, our prediction is that the new hurdles in the field will be to
engineer function and binding. As efforts shift from designing
stable, well-ordered protein scaffolds to functional proteins, a more
refined understanding of what interactions control structure, sta-
bility, and specificity will be necessary.

We have focused on understanding the role of hydrophobic
core packing in proteins. Our approach couples systematic com-
putational methods with detailed experimental investigation of
designed proteins. We previously developed the program ROC
~Repacking of Cores! ~Desjarlais & Handel, 1995! and used it to
design a number of ubiquitin variants that span a wide range of
stabilities~Lazar et al., 1997!. The objective of the present study
was to investigate the structure and dynamics of one of these
variants, 1D8, which has eight hydrophobic core mutations relative
to the wild-type ~WT! protein: I3L, I13L, L15V, V17L, I23V,
V26L, I61L, and L67I. This variant has the same core volume as
WT, but is destabilized by 2.6 kcal0mol. To characterize this pro-
tein, NMR was the structural method of choice because of its
sensitivity to conformational flexibility. Structural and dynamic
data indicate that 1D8 is in slow exchange between two states and
has less defined side-chain structure than WT. To understand why
the new core results in increased dynamic behavior and lower
stability in 1D8, we carefully analyzed the side chain conforma-
tions using computational and statistical methods. To assess the
extent to which packing can affect structural specificity, we also
characterized R7, a variant with a randomized WT core. The re-
sults illustrate some general principles that are relevant to both
natural and designed proteins.
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Results and discussion

Assignment and structure of 1D8

The solution structure of 1D8 was solved with standard three- and
four-dimensional heteronuclear NMR methods. Figure 1A shows a
stereoview of the backbone superposition of the 20 lowest energy
structures in the final round of calculations. The ensemble is well-
defined with a root-mean-square deviation~RMSD! over the or-
dered region~residues 1 to 71! of 0.41 Å for backbone atoms and
0.85 Å for all heavy atoms. The number of restraints and structural
statistics also reflect the high quality of the structures~Table 1!.
Backbone superposition of the 1D8 structure closest to the mean
with the WT crystal structure~Alexeev et al., 1994! ~Fig. 1B!
indicates that the backbone conformation is essentially the same
~RMSD 5 0.69 Å!. Identical RMSDs are obtained when 1D8 is
compared with the other available WT crystal~Vijay-Kumar et al.,
1987! and solution~Cornilescu et al., 1998! structures. The simi-
larity between the design and WT confirms the program ROC’s
ability to predict alternative core sequences that maintain the back-

bone structure of a protein. As will be shown, however, analysis of
additional NMR data and features of the structures reveals local
differences between the proteins.

1D8 is in slow exchange between two conformations

In the process of calculating structures, there were consistent vi-
olations that could not be explained by typical problems~spin
diffusion, incorrect or missing assignments, truncation, and other
spectral artifacts!. These violations arose because of the presence
of numerous exchange peaks in NOESY spectra. Consequently, we
re-examined the15N01H HSQC spectrum more carefully~Fig. 2A!.
A second set of peaks of lower intensity was observed. These
peaks represent an alternate conformation of 1D8, which is in slow
exchange with the major conformation. The stability of 1D8 and
the level of dispersion of the smaller peaks, particularly in the1H
dimension~Yao et al., 1997; Dyson & Wright, 1998!, indicate that
this alternate conformation is not unfolded. The two states of the
protein that gives rise to the intense and weak peaks will be re-
ferred to as the major and minor conformations, respectively. From
peak intensities, the minor conformation corresponds to approxi-
mately 5% of the population of the major conformation.

The minor cross peaks were assigned from the exchange peaks
in 3D NOESY spectra, and correspondence with the major cross
peaks using a 2D heteronuclear correlation experiment~Wider
et al., 1991!. This is essentially an HSQC with a mixing period
inserted after the15N chemical shift evolution period where lon-
gitudinal two-spin order~IzSz! is created. Chemical exchange, which
occurs during the mixing period, is manifest as a second set of
cross peaks that connect the major and minor conformer in a
rectangular pattern. Figure 2B shows such an experiment overlaid
with the normal15N01H HSQC. A new set of cross peaks is visible,
providing direct correlations between the major and minor confor-
mations. The mixing period in this experiment was varied to de-
termine the optimum delay, which depends on the forward and
reverse exchange rates and magnetization relaxation. From these
data~not shown!, preliminary estimates of the timescale are tens
of milliseconds for the minor to major exchange rate and hundreds
of milliseconds for the major to minor exchange rate. We also
investigated the backbone dynamics of 1D8 and WT ubiquitin
using15N relaxation measurements~data not shown!, but standard
model-free analysis~Lipari & Szabo, 1982! of the data gave anom-
alous results and requires further study. Nevertheless, the15N
transverse relaxation times~T2’s! of 1D8 are not shorter than those
of WT, a result expected if exchange was in the microsecond to
millisecond range~Palmer et al., 1996!. This is consistent with our
slower estimates of the exchange timescale. No minor state was
detected in the correlation experiment for WT or another ubiquitin
variant, 1D7~Johnson et al., 1999!, using a broad range of mixing
times, indicating that the presence of an alternate conformation is
thus far unique to 1D8.

Minor 1D8 cross peaks were also observed for side-chain res-
onances in both15N-edited~Asn and Gln residues! and13C-edited
spectra. However, because of congestion and the presence of re-
sidual water, complete assignment of the minor aliphatic reso-
nances was not possible in the13C-edited spectra. In well-separated
regions clear exchange was observed, in some cases all the way out
to core side-chain methyls~Fig. 2C!. An interesting result is ob-
served for the twob-protons of Ser65; these have distinct chemical
shifts in the major conformation but are degenerate in the minor
conformation~Fig. 2D!. Although more assignments are necessary

Table 1. Experimental restraints and
structural statisticsa for 1D8

Number of experimental restraints First round Final round
NOE distance restraintsb

Ambiguous 3,244 1,115
Unambiguous 870 2,097

Intraresidue 178 421
Sequential 31 140
Medium range~2 # @i 2 j # # 4! 74 193
Long range~@i 2 j # . 4! 587 1,343

H-bondc 68
Dihedral restraints from coupling constants 84

RMSDs from experimental data
Average distance restraint violation 0.00546 0.0008 Å
Average dihedral angle restraint violation 0.0436 0.0228

RMSDs from ideal stereochemistry
Bonds 0.000876 0.00002 Å
Angles 0.3086 0.0028
Impropers 0.1106 0.0048

Ramachandran statisticsd ~residues 1–71!
Residues in most favored regions 82.9%
Residues in additionally allowed regions 16.4%
Residues in generously allowed regions 0.7%
Residues in disallowed regions 0.0%

Coordinate precision~residues 1–71!
Backbone 0.41 Å
Heavy atoms 0.85 Å

aThe statistics are for the 20 lowest energy structures from an ensemble
of 30 calculations.

bThe difference in number of ambiguous and unambiguous NOEs at the
start and end of the calculation is due to trimming of the assignment
possibilities based on distance filtration and percent contribution to the
NOE intensity using the ARIA methodology of Nilges~Nilges, 1995; Nilges
et al., 1997!.

cFor each of the identifiable 34 H-bonds, two restraints were applied:
1.7 # DH-O # 2.2 Å and 2.7# DN-O # 3.2 Å.

dRamachandran analysis was calculated with Procheck-NMR~Laskowski
et al., 1996!.
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to determine the generality of this result, it suggests that, although
folded, the minor conformation is more flexible.

There is no NOE data for the minor conformation because the
only peaks observed in NOESY spectra are exchange peaks; i.e.,
no “minor to minor” NOEs are observed. This is presumably due
to the low population of this state. However, limited structural
information is available from chemical shift assignments. To a first
approximation, the degree to which the two conformations differ
should be reflected by the magnitude of the chemical shift dispar-
ity between them~Fig. 3A,B!. In many cases the difference is
substantial, as high as 295 Hz~4.9 ppm! in 15N and 935 Hz

~1.6 ppm! in 1H. The most significant differences are observed for
residues 61–73, which include the lastb-strand~b5! and the turn
leading into it. The other strands in the sheet also show substantial
chemical shift deviations, albeit to a lesser extent thanb5. Ap-
proximately three-fourths of the molecule~53 of 72 backbone
amides! has a minor conformation. In general, residues that do not
have an alternate amide conformation reside in loops and turns
~Fig. 4!. The exception is a set of residues that interact with each
other in the most stable elements of secondary structure. Phe4 and
Val15 form a hydrogen bond across theb-sheet and show no minor
conformation. Val15 packs against Leu26, which along with a

Fig. 1. A: Ensemble of the 20 lowest energy structures of 1D8. Core side chains that are mutated relative to WT are shown in red.
Nonmutated core side chains are shown in black.B: Superposition of the structures of 1D8 and WT. The 1D8~blue! structure is closest
to the mean in the ensemble, and the WT~gray! is the crystal structure whose coordinates were used for the design~accession code
1UBI ~Alexeev et al., 1994!!.
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stretch of residues in the helix~26–29! also show no alternate
amide conformation~Fig. 4!. It is somewhat peculiar that the
C-terminal tail, disordered in the ensemble of structures~Fig. 1A!,
shows the presence of an alternate conformation all the way to
Gly75. This may reflect coupling to the conformation ofb5.

Despite the low intensity of the minor peaks in 1D8, the data
indicate an important result—core packing has made a single ad-
ditional conformational state accessible. Exchange between the
two states appears to be concerted since a single set of minor cross
peaks is observed. These concerted changes propagate fromb5 to
the rest of the sheet to an extent that falls off with distance fromb5
~Fig. 4!. The response of the protein to the mutations differs from
that observed in most crystallographic studies, which have shown
that packing mutants typically relax to a slightly altered yet single
backbone conformation~Baldwin et al., 1993; Jackson et al., 1993;
Lim et al., 1994!. The difference may be due to “freezing out” of
a single structure in crystals, differences in the protein folds, or
other factors. Previous experiments have shown that packing af-

fects protein specificity~Lim & Sauer, 1991; Starich et al., 1998!,
and our results suggest that this can occur by shifting the equilib-
rium between alternate conformations.

Amide exchange protection of 1D8 shows
a similar pattern of perturbation

To further investigate local structural and dynamic differences be-
tween 1D8 and WT, we measured amide hydrogen0deuterium~H0D!
exchange protection~Bai et al., 1995!. Assuming an EX2 mecha-
nism, one in which H0D exchange is slow relative to the folding
rate of the protein, protection factors directly reflect the equilib-
rium constant of the unfolding transition or fluctuation required for
exchange to occur~Bai et al., 1995!. GuHCl-induced unfolding
monitored by CD indicates that 1D8 is destabilized relative to WT
by approximately 2.6 kcal0mol ~Lazar et al., 1997!. This translates
to an expected loss in protection of two orders of magnitude.

Fig. 2. A: Expanded view of a region of the15N01H HSQC spectrum of 1D8 contoured at 10s. Positive and negative~aliased! peaks
are both black.B: Exchange correlation for the 1D8 protein in the same spectral region as Figure 2A. The black spectrum is the normal
15N01H HSQC, and the red spectrum is the same experiment with a 125 ms delay immediately following15N chemical shift evolution.
Blue lines indicate exchange correlations by lining up major and minor amide HSQC peaks with correlated exchange cross peaks.C: A
13C01H difference correlation spectrum~Wider et al., 1991!, expanded in the region around thed2 methyl cross peaks of Leu61 and
Leu50. Major~M ! and minor~m! cross peaks are positive~black!, and exchange correlation cross peaks are negative~red!. The
difference spectrum was obtained by subtracting two versions of the correlation experiment, one with the mixing time~125 ms! before
13C chemical shift evolution and one with it after.D: The same experiment as in Figure 2C, here expanded in the region around the
b cross peaks for Ser65. Whereas the two beta protons have nondegenerate resonances in the major conformer~Hb1 and Hb2!, they
are degenerate in the minor conformer~Hb#!.
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Fig. 3. A: Absolute differences in backbone15N ~black! and amide1H ~red! chemical shifts between the major and minor conformations
for each residue. Frequency differences are in Hz. The absence of data for a residue indicates that its amide does not have an alternate
conformation.B: Absolute differences in side chain1H ~black!, 13C ~red!, and15N ~blue! chemical shifts between the major and minor
conformations for a subset of assignable cross peaks. Frequency differences are in Hz. The data represent the following13C01H or 15N01H
pairs: Gln2 NE20~HE21 and HE22!, Val5 Cg20Hg2#, Leu8 Cd20Hd2#, Thr12 Cg20Hg2#, Thr14 Cb0Hb, Asn25 Nd20Hd21, Ile30 Cd10Hd1#,
Gln40 NE20~HE21 and HE22!, Ile44 Cg20Hg2#, Ala46 Cb0Hb#, Leu50 Cd20Hd2#, Asn60 Nd20~Hd21 and Hd22!, Leu61 Cd20Hd2#, Gln62
NE20~HE21 and HE22!, Ser65 Cb0~Hb1 and Hb2!, Thr66 Cb0Hb, Ile67 Cg20Hg2#, 70Val Cg20Hg2#. Here the # symbol indicates that the
three degenerate protons for methyls, and the methyl carbons for all valines~Cg1 and Cg2! and leucines~Cd1 and Cd2! are nondegenerate.
C: Protection factors for WT~black! and 1D8~blue!. The dashed line at protection factor5 100 indicates the detection limit of the
experiment, estimated to be just below the protection factors of the fastest exchanging amides that could be measured. Amides that fall
below this limit are set to protection factor5 1 for clarity. Regions of secondary structure are illustrated below the plot.
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Indeed, many amides in 1D8 have protection factors about 100-
fold lower than in WT~Fig. 3C!. They reside predominantly in the
major secondary structure elements of the protein and generally
show the highest protection. By contrast, there are several residues
that have the same or similar protection factors for WT and 1D8.
The majority of these amides are in loops or turns, at the ends of
helices or strands, or at the more solvent exposed center position
of the a-helix. The results suggest that the less favorable packing
in 1D8 primarily affects the global unfolding transition, but has
little effect on local fluctuations that do not require unfolding to
interact with solvent. This agrees very well with exchange data
obtained for the 1D7 variant~Johnson et al., 1999!.

An important difference between WT and 1D8 is observed for
residues 59–69, involving the lastb-strand and the preceding turn.
Four amides in this region~59, 61, 67, and 69! show a complete
loss of protection. Even after accounting for the global loss in
stability, these H-bonds should still be detectable, particularly given
that three of the four amides appear to exchange via local fluctu-
ations~Johnson et al., 1999!. This, in fact, is the same region of the
protein that shows the largest chemical shift differences between
the major and minor conformations~Figs. 3, 4!. Together, the H0D
exchange and chemical shift data strongly suggest that the minor

conformation is caused by a structural change primarily involving
the lastb-strand and the preceding turn in a manner that weakens
H-bonds in this region, but according to the chemical shift disper-
sion does not cause unfolding.

Side-chain rotamer strain is correlated
with the change in specificity

At the start of this study our main questions were:~1! how well
does ROC do at predicting the side-chain structure of 1D8; and
~2! can we understand the lower stability of 1D8 relative to WT?
With the observation of the minor conformer that is not observed
in WT, we also became interested in understanding the origin of
this state, as this information may provide insight into how con-
formational transitions occur. To address these questions, we ex-
amined in detail the predicted and experimentally determined side-
chain rotamers of WT and 1D8~Table 2!.

ROC predictions become less accurate
with increasing side-chain flexibility

As previously described~Johnson et al., 1999!, ROC suc-
cessfully predicts 12 of 14 side chains for WT ubiquitin, with one

Fig. 4. Chemical shift differences between the major and minor conformations plotted on the structure of 1D8. The color scale
represents the summed15N and1H frequency differences in Hz from Figure 3A. These data are plotted on the amide nitrogen for each
residue. The absence of a sphere for a residue indicates that its amide does not have an alternate conformation. Residues referred to
in the text are highlighted: the three in the sheet and helix that do not have a minor amide conformation~4, 15, and 26!, and the four
that show a loss of amide protection~59, 61, 67, and 69!.
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Table 2. Predicted and experimental rotamersa

WT 1D8

Predictedc Experimentald Predictedc Experimentald

Position Res ROCb x1 x2 % Rank x1 x2 % Rank Rese ROCb x1 x2 % Rank x1 x2 % Rank

3 I 1 60 180 13 3 60* 180 13 3 L 2 ~6! 260 60 8 3 260* 180* 56 1
~4! 260 180 56 1

5 V 1 180 71 1 180* 71 1 V 1 180 71 1 180* 71 1
13 I 2 60 180 12 3 260 180 57 1 L ? 60 60 1 7 ?f ?f R R

xtal 130 180 R R
15 L 1 260 180 56 1 ~7! 260 180 56 1 V 1 260 20 2 260* 20 2

~3! 260 260 2 5
17 V 1 260 20 2 260* 20 2 L 2 ~5! 60 135 R R ~7! 260 180 56 1

~4! 60 60 1 7 ~2! 235 60 R R
~1! 260 113 R R ~1! 180 60 27 2

23 I 1 260 260 16 2 260* 260 16 2 V 1 180 71 1 180* 71 1
26 V 1 180 71 1 180* 71 1 L 1 ~9! 180 60 27 2 180* 60* 27 2

~1! 180 180 4 4
30 I 1 260 180 57 1 260* 180 57 1 I 1 260 180 57 1 260* 180 57 1
43 L 1 260 180 56 1 260* 180 56 1 L 1 260 180 56 1 260* 180* 56 1
50 L 1 260 180 56 1 260* 180 56 1 L 1 260 180 56 1 260* 180* 56 1
56 L 1 260 180 56 1 260* 180 56 1 L 2 ~5! 260 180 56 1 260* 180* 56 1

~5! 260 113 R R
61 I 1 260 180 57 1 260* 180 57 1 L 2 ~9! 260 180 56 1 ~5! 260 260 8 3

~1! 180 60 27 2 ~4! 260 180 56 1
~1! 260 126 R R

67 L 2 260 180 56 1 260 60 8 3 I ? 260 180 57 1 ~4! 260* 180 57 1
xtal 260 180 56 1 ~4! 260* 130 R R

~2! 260* 60 3 6
69 L 1 180 60 27 2 180* 60 27 2 L 2 180 60 27 2 ~6! 180 180 4 4

~4! 180 60 27 2

aRotamers have been rounded to the nearest canonical value using a6408 cutoff. For angles that deviate greater than 408 from a canonical value, the unrounded eclipsed angle is given. Where there is
a distribution of conformers, the number of structures out of 10 that populate each conformer is given in parentheses to the left of the angles. “%” and “Rank” are the percent and the rank ordering of each
rotamer in the Protein Data Bank according to the backbone-independent library of Dunbrack~Dunbrack & Cohen, 1997!. “R” indicates rare eclipsed angles.

b“1” indicates correctly predicted rotamers, “2” indicates incorrectly predicted rotamers, and “?” indicates that the accuracy of the prediction cannot be determined due to ambiguities in the experimental
structure. The rotamer that is populated in the majority of the structures~.5! is arbitrarily assigned as the true rotamer value for determination of correct or incorrect prediction.

cThe program ROC was run 10 times for WT and 1D8 to generate an ensemble of 10 predicted structures for each sequence.
dWT experimental data are taken from the WT NMR structure~Cornilescu et al., 1998!. “xtal” indicates that the NMR structure differs from both crystal structures 1UBI~Alexeev et al., 1994! and 1UBQ

~Vijay-Kumar et al., 1987! at that position, and the crystal structure rotamers are given to the right. “*” indicates angles that are determined by quantitative J coupling measurements.
eCore residues that differ between WT and 1D8 are bold in the 1D8 sequence.
f Leu13 in 1D8 has no preferred set of rotamers in the experimental ensemble, and the majority of the angles are eclipsed.
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x1 ~Ile13! and onex2 ~Leu67! rotamer predicted incorrectly
~Table 2!. Both show discrepancies between the available NMR
and crystal structures. Thex1 of Ile13 is 260 in the NMR struc-
ture, eclipsed~130! in both crystal structures, and an intermediate
value ~60! in the prediction. The predictedx2 of Leu67 is in
agreement with the two crystal structures but not the NMR struc-
ture, in which it is not defined by J coupling data. These side
chains have the lowestg andd methyl order parameters, respec-
tively, of any core residues in WT~Johnson et al., 1999!, explain-
ing the lack of accuracy in the prediction and the discrepancies in
the experimental structures. Leu15 also shows increased flexibility—
it has a slight tendency to populate a second conformer in the
NMR ensemble, occupies an eclipsed rotamer~x1 5 242,x2 5 60!
in the 1UBQ crystal structure~Vijay-Kumar et al., 1987!, and has
a slightly lower than average side-chain order parameter~Johnson
et al., 1999!. It is nonetheless predicted correctly. Overall for the
very well-packed WT protein, ROC does as good a job at deter-
mining core side-chain rotamers as the experimental data and sug-
gests indirectly by its mispredictions which side-chains are more
dynamic.

For 1D8, there appears to be substantially more mobility in the
core side chains as reflected in the distribution of conformations in
the NMR structures~Table 2!. Interestingly, there is mobility in the
predicted rotamers as well: in contrast to WT for which the same
rotamers are predicted in 10 separate simulations, ROC does not
converge on the same set of structures for 1D8~Table 2!. ROC
correctly predicts 7 of 14 core residues, with one incorrectx1 angle
~Leu17! and four incorrectx2 angles~Leu3, Leu56, Leu61, and
Leu69!. The two most mobile residues in WT, Leu13 and Ile67, are
also dynamic in 1D8, to the extent that the predictions cannot be
evaluated. Overall, ROC is worse at predicting the side-chain con-
formations in 1D8 than WT, and this appears to be due, at least in
part, to the higher level of side-chain flexibility in the designed
protein.

1D8 has more statistically unfavorable
core rotamers

We further evaluated the side-chain conformations by com-
paring them to a statistically derived rotamer database. Table 2
shows the probability of finding each core residue in its observed
conformation for both predicted and experimentally determined
structures. The probabilities and rank are based on a backbone-
independent rotamer library derived from a statistical analysis of
side chains in the Protein Data Bank~PDB! ~Dunbrack & Cohen,
1997!. The experimental data show that 1D8 has more side chains
in statistically less favorable conformations than WT, suggesting a
higher level of conformational strain~Fig. 5!. This is correlated
with the higher level of side-chain mobility relative to the WT
protein. Most residues with a single conformer are in the best or
second best conformation whereas those that populate unfavorable
rotamers tend to sample multiple rotamer states~Fig. 5!. The num-
ber of statistically less favorable rotamers is a reasonable expla-
nation for the lower stability of 1D8. Increased strain and flexibility
of the core side chains could also contribute to loss of stability by
disrupting favorable interactions, particularly those which have a
steep distance dependence such as van der Waals interactions and
H-bonds. The trend is supported by the fact that another designed
protein, 1D7, shows intermediate stability between WT and 1D8,
and an intermediate level of mobility and strain in its core side
chains~Johnson et al., 1999!. The ability of ROC to predict side-
chain conformation in 1D7~Johnson et al., 1999! is also inter-

mediate between WT and 1D8, consistent with the observation that
predictability breaks down with increased flexibility.

Side-chain conformational strain and flexibility
are a probable cause of the minor conformer

There are three core residues in 1D8~17, 61, and 69! that show
a greater level of strain and mobility than in WT. In WT none of
these side chains sample more than one rotamer in the ensemble of
experimental structures, none show below average side-chain or-
der parameters~Johnson et al., 1999!, all are in the first or second
most statistically favorable rotamers, and all are predicted cor-
rectly by ROC~Table 2!. We postulate that this greater level of
strain and flexibility in the 1D8 core is related to the exchange
behavior of the protein. Many of the side chains in statistically less
preferred conformations in 1D8 reside in the same regions that
show the greatest chemical shift differences between the major and
minor conformations~Fig. 3A,B; Table 2!. b-strand five and the
preceding turn show by far the largest differences, as well as a loss
of H0D exchange protection~Fig. 3C!. There is no detailed ex-
planation for why this region is the most affected. One possibility
is that it is the most susceptible to perturbation sinceb5 is partially
exposed and unconstrained by a loop or turn at its C-terminal end.

The data also suggest that in ROC calculations of stability, the
weighting of intra-side-chain and side-chain–backbone interactions
are underestimated relative to side-chain–side-chain interactions.
For example, ROC attempts to place three residues~13, 17, and 56!
in unfavorable rotamers, presumably because the high energy of
these rotamers is overcompensated by good side-chain–side-chain
contacts. However, as for 1D7~Johnson et al., 1999!, the experi-
mental data demonstrate the tendency for some side chains to
adopt more favorable conformations, particularly those in more
ordered regions of the protein~away from the C-termini and loops!.
Rather than force the side chains into unfavorable rotamers, 1D8
adjusts so that the more favorable rotamers can be utilized, at least
part of the time. Apparently, part of the energetically preferable
adjustment involves sampling two backbone conformations.

Poor packing is not sufficient to produce
a partially folded state of ubiquitin

The altered specificity of 1D8 raises the question: to what extent
can the structural specificity of proteins be affected by packing? To
answer this question, we investigated the structure of a ubiquitin
variant, R7, which has the same core composition as WT but in
random order~Lazar et al., 1997!. This protein is very poorly
packed, and only marginally stable~DG5 2.0 kcal0mol for R7, 7.2
kcal0mol for WT!, making it an excellent control. Despite this, the
15N01H HSQC spectrum of R7 is as dispersed as that of WT
~Fig. 6A! and other ubiquitin core variants~data not shown!, and
much more dispersed than partially folded or unfolded proteins
~Yao et al., 1997; Dyson & Wright, 1998!. Complete structural and
dynamic information on R7 would be of significant interest, but a
challenging task because of its poor solubility~only ;100–
200 mM protein samples could be made!. Nevertheless, adequate
3D CBCA~CO!NNH and CBCANNH spectra~Bax, 1994! of R7
were obtained for complete backbone1H015N013Ca and side-
chain 13Cb assignments. The fact that all assignments could be
made distinguishes R7 from partially folded0molten globule states,
which are generally intractable because of low dispersion and se-
vere line-broadening~Dyson & Wright, 1998!.
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Assignments alone provide valuable structural information.13C
chemical shifts of thea- andb-carbons are strongly dependent on
the conformation of the protein backbone, and deviation of these
chemical shifts from random coil values is an excellent indicator of
secondary structure~Spera & Bax, 1991!. Residues in helices tend
to have positive Ca and negative Cb chemical shift deviations,
while those inb-sheets have negative Ca and positive Cb devia-
tions. The data for WT and R7 overlap very well~Fig. 6B!, even
in the absence of definitive trends in some regions of secondary
structure. The WT and R7 deviations are as similar as those of WT
and 1D8~data not shown!, the folds of which are identical at high
resolution~Fig. 1B!. This indicates that R7 has a reasonably well-
defined structure that is similar to WT ubiquitin. Given the mar-
ginal stability and poor packing of this protein relative to the
exceptionally stable WT protein, the results strongly suggest that
core packing alone does not influence global specificity. This is
consistent with other reports, which argue that the pattern of hy-

drophobic and polar residues is the dominant determinant of fold
~Dill, 1990; Kamtekar et al., 1993; Sun et al., 1995; Rojas et al.,
1997!. Nonetheless, the generality of the R7 result remains to be
seen. In oligomeric helical proteins, changes in global specificity
have been observed~Harbury et al., 1993; Munson et al., 1996!.
We suspect that this is because the differences in energy between
alternative oligomeric states are small relative to the amount of
energy required to interconvert most globular folds, and these
energy differences may be well within the range affected by pack-
ing interactions. This is supported by the observation of GCN4
variants that exist in equilibrium as dimers and trimers~Gonzalez
et al., 1996a, 1996b!.

Packing clearly affects the local specificity of 1D8, and this is
likely to be true for R7. In fact, extrapolation of the trends ob-
served from a comparison of WT, 1D7, and 1D8 suggests that
side-chain flexibility will probably be higher in R7. Because of
solubility problems, we have not investigated the presence of

Fig. 5. Experimental core side chains for~A! WT and~B! 1D8. The angles are those presented in Table 2, and residues that occupy
more than one rotamer in the NMR ensembles or are different in the WT NMR and crystal structures are labeled. Side chains occupying
rotamers that make up less than 5% of the PDB are colored red, and all other~more statistically favorable! rotamers are colored blue.
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alternate conformer~s! in R7. However, it is possible that R7 has
sufficient flexibility to adjust in multiple ways such that no one
conformer is highly populated. Nevertheless, in the context of
the rest of the ubiquitin sequence, the presence of very poor
packing is not sufficient to change the fold or reduce structural
specificity to the level characteristic of molten globules. This
suggests that packing can be significantly altered to modulate
the dynamic behavior of a protein without drastically affecting
its topology or overall well-ordered properties. A key goal for
protein design will be to understand how to do this in a predictive
way.

Conclusions

1D8 was designed to mimic WT ubiquitin, and the similarity of the
structures demonstrates the utility of ROC for protein design. How-
ever, careful inspection of the data reveals some subtle but impor-
tant observations. First, rare rotamers generally appear in the context

of side chains that sample multiple conformations, and side chains
predicted to be in unfavorable rotamers typically populate a more
favorable rotamer or multiple rotamers. This emphasizes the ten-
dency of side chains to adopt the most favorable conformation
when possible and suggests that conformational entropy may help
offset the effects of strain. Second, strain that would otherwise
occur from forcing side chains into poor conformations appears to
be partially compensated by sampling more than one conforma-
tion. This response of the protein is a unique observation, and
together these results contribute new information about the role of
the hydrophobic core in protein structure and dynamics. The rela-
tionship between side-chain strain and specificity observed in our
variant implies that the biological activity of natural proteins may
be fine tuned by packing. In future studies it will be important to
understand and control these properties for the design of protein–
protein interactions and function.

The results also have implications for improvements to design
algorithms. When stability and structural rigidity are goals, better

Fig. 6. A: 15N01H HSQC spectra of WT~top! and R7~bottom!. The 15N spectral width was set to 700 Hz to optimize data collection
time, so some of the peaks are aliased.B: 13Ca ~top graph! and13Cb ~bottom graph! chemical shift deviations from random coil values
for WT ~shaded circles, continuous lines! and R7~open circles, dashed lines!. Chemical shift deviations are in parts per million~ppm!.
Regions of secondary structure are illustrated below the plot.
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performance may be achieved by restricting acceptable designs
to sequences that can accommodate side chains in the most fav-
ored rotamers. Furthermore, the data indicate that correlations
between predicted and experimentally determined structures,
while useful, should be interpreted with caution. The presence
of some side chains in multiple rotameric states indicates that
ensemble calculations may be more reliable. This is particularly
true for lower stability variants, which according to our results
are likely to be more flexible and less accurately predicted by a
single calculation. Finally, the alternate backbone conformation
observed in 1D8 underscores the importance of developing meth-
ods that do not rely on a fixed backbone, but rather can sample
related structures.

Materials and methods

Ubiquitin proteins

WT, 1D8, and R7 gene construction and protein purification were
described previously~Lazar et al., 1997!. NMR samples were
uniformly labeled with 15N or 15N013C by growth in minimal
media containing13C-glucose and0or 15N-ammonium sulfate as
the sole source of carbon and nitrogen. NMR experiments on 1D8
and WT were performed with samples prepared in 25 mM sodium
acetate-D3, 25 mM sodium phosphate, 0.02% sodium azide, 10%
D2O, pH 5.8 at protein concentrations of approximately 2 mM. The
R7 samples contained no buffer or salt~only 10% D2O!, pH 5.0,
and were approximately 0.2 mM in protein concentration. The
temperature for the NMR experiments was 308C for 1D8 and WT,
and 258C for R7.

NMR experiments

Most details of the NMR methodology are similar to those de-
scribed more completely in previous reports from our laboratory
~Johnson et al., 1999; Mizoue et al., 1999!. All experiments were
carried out on a Bruker DMX600, except for the13C01H correla-
tion experiment, which was done on a Bruker DRX500. Hetero-
nuclear assignments for 1D8 were obtained using a suite of standard
double and triple resonance experiments~Bax, 1994!. Chemical
shifts were referenced according to the method of Wishart et al.
~1995!. Structural restraints were obtained from several types of
NMR data. NOE distance restraints were obtained from the fol-
lowing experiments: a 3D15N-separated NOESY-HSQC~Talluri
& Wagner, 1996!, a 3D13C-separated NOESY-HSQC~Zuiderweg
et al., 1990!, and a 4D13C013C-separated HMQC-NOESY-HMQC
~Vuister et al., 1993!, all using 150 ms mixing times. Quantitative
J correlation methods~Bax et al., 1994! provided stereoassign-
ments, as well asf andx angle restraints. H-bond restraints were
derived from slowly exchanging amides identified in an15N01H
HSQC spectrum recorded immediately after resuspension of lyo-
philized protein in D2O; a series of such data as a function of time
was also used to calculate protection factors~see below!. Direct
correlations between major and minor conformations in 1D8 were
observed using15N01H and 13C01H HSQC spectra containing a
mixing time after the chemical shift evolution period. Two-dimen-
sional difference correlation spectra were obtained by subtracting
such experiments from ones in which the mixing time is placed
prior to the evolution periods~Wider et al., 1991!. Mixing times
were varied from 25 to 500 ms.

NMR assignments and structure calculations

Data were processed with the program AZARA~W. Boucher, un-
publ. data!. A database of chemical shift assignments was made
using semi-automated procedures with the program ANSIG3.3
~Kraulis, 1989; Kraulis et al., 1994!. NOEs were not assigned but
only peak-picked and integrated within ANSIG, then exported and
converted into restraint lists in AZARA. The restraint lists were
generated by matching the chemical shift of each NOE cross peak
with all assignment possibilities within a given tolerance based on
the chemical shift database. Two types of restraint tables were
output: an unambiguous restraint list~derived from NOE cross
peaks that are assignable to a single pair of protons! and an am-
biguous restraint file~derived from NOE cross peaks that have
multiple assignment possibilities!. Initial structures were calcu-
lated in X-PLOR ~Brünger, 1992! with both unambiguous and
ambiguous NOE restraints, treated withr 26 summing ~Nilges,
1995; Nilges et al., 1997!, and dihedral angle restraints. The chi-
rality of nonstereoassigned methyl and methylene groups were
allowed to float by setting the force constant for improper angles
to zero~Folmer et al., 1997!. In addition, random explicit swap-
ping of chirality was performed~Folmer et al., 1997!, with accep-
tance based on a Metropolis criterion~Mizoue et al., 1999!. As
calculations proceeded, restraint violations and restraints that con-
tributed little to the NOE intensity were gradually discarded with
protocols within the ARIA extension of X-PLOR~Nilges, 1995;
Nilges et al., 1997!. Exchange peaks in 1D8 NOESY spectra were
removed subjectively to obtain a structure of the major conformer.
In the last few iterations of the calculation, H-bond restraints were
introduced. Table 1 shows the distribution of experimental re-
straints at the beginning and end of the calculations. WT ubiquitin
assignments for H0D exchange studies were obtained from Wand
and coworkers~Wand et al., 1996!. There are two published crys-
tallographic structures of WT, accession codes 1UBQ~Vijay-
Kumar et al., 1987! and 1UBI~Alexeev et al., 1994!, and a solution
structure was obtained through personal communication~Cor-
nilescu et al., 1998!. All of these structures are of high quality and
are essentially identical. Important discrepancies in core side-chain
rotamers between the three WT structures have been noted in the
text and Table 2. The 1D8 assignments, restraint lists, and coor-
dinates for the ensemble of structures have been deposited in the
Protein Data Bank~accession code 1C3T!.

Measurement of protection factors

Amide exchange rates for 1D8 and WT ubiquitin were measured
with a series of15N01H HSQC spectra. Peaks were fit to 2D
Gaussians using the program Priism~Chen et al., 1996!. Exchange
rates were calculated by fitting peak heights to a decaying expo-
nential with a baseline. Protection factors were calculated from the
equation:

P 5 krc0kobs

wherekrc is the exchange rate expected for a random coil andkobs

is the measured exchange rate.krc is calculated using the method
of Englander and colleagues~Bai et al., 1993!, taking into account
the contributions from neighboring side chains, pH, and temperature.

Rotamer analysis

Prediction of core side-chain structure for WT and 1D8 was per-
formed with ROC ~Desjarlais & Handel, 1995!, using version
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ROC* ~Lazar et al., 1997!. Predictions were obtained by fixing the
core composition and allowing only side-chain conformation to
mutate during ROC calculations. ROC was run with 10 super-
cycles of 300 rounds of “evolution,” generating an ensemble of 10
structures for each protein. The template for the predictions was
the crystal structure 1UBI~Alexeev et al., 1994!. The output from
each run consists of a list of energetically favorable cores with
the 1D8 or WT sequence, but different rotamer conformations
and calculated energies. Predicted and experimental rotamers in
Table 2 were assigned to260, 60, or 180 if they were within6408
of the canonical value. When there was a distribution between two
conformers in the predicted structure or the ensemble of NMR
structures, the rotamer, which was populated in the majority of the
structures~.5!, was arbitrarily assigned as the true rotamer value
for assignment of the prediction as correct or incorrect. Statistical
analysis of side-chain conformations for the predicted and exper-
imentally determined structures was performed with the backbone-
independent library of Dunbrack~Dunbrack & Cohen, 1997!
~URL:www.fccc.edu0research0 labs0dunbrack0sidechain.html!.
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