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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 arl998, and complete de novo proteiiBahiyat & Mayo, 1997,
enormous range—from highly flexible and comformationally pro- Kortemme et al., 1998; Walsh et al., 1999Vith these develop-
miscuous, unfolded, or partially folded states to rigid compactments, our prediction is that the new hurdles in the field will be to
structures. It is generally accepted that the degree of structurangineer function and binding. As efforts shift from designing
specificity is related to protein function, whether that function is stable, well-ordered protein scaffolds to functional proteins, a more
signal transduction, bindingransport, or catalysis. Important in- refined understanding of what interactions control structure, sta-
sights into the relationship between conformational flexibility and bility, and specificity will be necessary.
function are emerging from crystallographic studi@ader & Agard, We have focused on understanding the role of hydrophobic
1997; Harata et al., 1999NMR dynamics experimentdalmer,  core packing in proteins. Our approach couples systematic com-
1997, normal mode calculationg®\nderson et al., 1997; Miller & putational methods with detailed experimental investigation of
Agard, 1999, and molecular dynamics simulatiof@hatfield etal.,  designed proteins. We previously developed the program ROC
1998; Philippopoulos & Lim, 1999 Equally important will be to  (Repacking of Corgs(Desjarlais & Handel, 1995and used it to
understand how various energetic interactions determine the comlesign a number of ubiquitin variants that span a wide range of
formational states accessible to proteins. stabilities(Lazar et al., 199 The objective of the present study
Protein design is an extremely powerful approach for addressingvas to investigate the structure and dynamics of one of these
such questions. Until recently, the design of a protein with a highvariants, 1D8, which has eight hydrophobic core mutations relative
degree of structural specificity had not been demonstrated, makingp the wild-type (WT) protein: I3L, 113L, L15V, V17L, 123V,
this a major goal in the field. The application of computational V26L, 161L, and L67I. This variant has the same core volume as
methods to design has reversed this trend, and recently many su&¥T, but is destabilized by 2.6 kcahol. To characterize this pro-
cesses have been reported including the design of novel hydrdein, NMR was the structural method of choice because of its
phobic coregLazar & Handel, 1998 metal binding site¢Hellinga, 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
Reprint requests to: Tracy M. Handel, Department of Molecular and celthe new core results in increased dynamic behavior and lower
Biology, University of California, Berkeley /o StanleyDonner Admin-  stability in 1D8, we carefully analyzed the side chain conforma-
istrative Services Unit, 229 Stanley Halll, Berkeley, California 94720; e-mail:tions using computational and statistical methods. To assess the
handel@paradisel.berkeley.edu. extent to which packing can affect structural specificity, we also

Abbreviations: 2D, 3D, 4D, two-, three-, and four-dimensional; CD, . . . :
circular dichroism; HMQC, heternouclear multiple quantum coherence;oharaCtenzed R7, a variant with a randomized WT core. The re-

HSQC, heteronuclear single quantum coherence: NOE, nuclear OverhausgHlIts illustrate some genergl principles that are relevant to both
effect; NOESY, nuclear Overhauser effect spectroscopy; WT, wild-type. natural and designed proteins.
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Results and discussion bone structure of a protein. As will be shown, however, analysis of
additional NMR data and features of the structures reveals local

Assignment and structure of 1D8 differences between the proteins.

The solution structure of 1D8 was solved with standard three- and o )
four-dimensional heteronuclear NMR methods. Figure 1A shows &P8 iS in slow exchange between two conformations

stereoview of the backbone superposition of the 20 lowest energy, the process of calculating structures, there were consistent vi-
structures in the final round of calculations. The ensemble is wellg|ations that could not be explained by typical probleapin
defined with a root-mean-square deviatidRMSD) over the or- (diffusion, incorrect or missing assignments, truncation, and other
dered regior{residues 1 to 71of 0.41 A for backbone atoms and  gpectral artifacts These violations arose because of the presence
0.85 A for all heavy atoms. The number of restraints and StrUCtUrabf numerous exchange peaks in NOESY spectra. Consequenﬂy’ we
statistics also reflect the high quality of the structu¢@able 1. re-examined thé>N/*H HSQC spectrum more carefull¥ig. 2A).
Backbone SuperpOSition Of the 1D8 structure Closest to the meaﬂ second set of peaks of lower intensity was observed. These
with the WT crystal structuréAlexeev et al., 1994(Fig. 1B)  peaks represent an alternate conformation of 1D8, which is in slow
indicates that the backbone conformation is essentially the samgxchange with the major conformation. The stability of 1D8 and
(RMSD = 0.69 A). Identical RMSDs are obtained when 1D8 is the level of dispersion of the smaller peaks, particularly in'tHe
compared with the other available WT crystaljay-Kumar etal.,  dimension(Yao et al., 1997; Dyson & Wright, 199g8indicate that
1987 and solution(Cornilescu et al., 1998structures. The simi-  thjs alternate conformation is not unfolded. The two states of the
larity between the design and WT confirms the program ROC’sprotein that gives rise to the intense and weak peaks will be re-
abl“ty to predict alternative core sequences that maintain the baclferred to as the major and minor Conformationsy respective|y_ 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

Table 1. Experimental restraints and in 3D NOESY spectra, and correspondence with the major cross
structural statistice for 1D8 peaks using a 2D heteronuclear correlation experintgvider
et al., 199]. This is essentially an HSQC with a mixing period
Number of experimental restraints First round  Final round inserted after thé>N chemical shift evolution period where lon-
NOE distance restrairits gitudinal two-spin ordefl,S,) is created. Chemical exchange, which
Ambiguous 3,244 1,115 occurs during the mixing period, is manifest as a second set of
Unambiguous 870 2,097

cross peaks that connect the major and minor conformer in a

Intraresidue 178 421 . ! .
Sequential 2 140 re_ctangular pattern. Figure 2B shows such an experlm_ent _oyerlald
Medium range(2 = [i — j] = 4) 74 193 with the normaf®N/*H HSQC. A new set of cross peaks is visible,
Long range([i — j] > 4) 587 1,343 providing direct correlations between the major and minor confor-
H-bond 68 mations. The mixing period in this experiment was varied to de-
Dihedral restraints from coupling constants 84  termine the optimum delay, which depends on the forward and
RMSDs from experimental data reverse exchange ra.te§ and magnetization rellaxation. From these
Average distance restraint violation 0.00540.0008 A 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

Average dihedral angle restraint violation 0.043.022

RMSDs from ideal stereochemistry

izgldess 0'%0§§§ 8'88202 A using N relaxation measuremen(gata not showpn but standard
Impropers d.llet 0:004> model-free analysif.ipari & Szabo, 19820f the data gave anom-
) ) alous results and requires further study. Nevertheless,'tNe

Rama?:andr_an Sta“?ﬂtges;d“e_s 1-7 . transverse relaxation timé§2's) of 1D8 are not shorter than those

Residues in most favored regions 9% of WT, a result expected if exchange was in the microsecond to

Residues in additionally allowed regions 16.4% - .. . .

Residues in generously allowed regions 0.7% millisecond rangéPalmer et al., 1996 This is consistent with our

Residues in disallowed regions 0_6% slower estimates of the exchange timescale. No minor state was

) o ) detected in the correlation experiment for WT or another ubiquitin
Coord:(nate precisiofresidues 171 A variant, 1D7(Johnson et al., 1999using a broad range of mixing
Backbone 0.41 times, indicating that the presence of an alternate conformation is
Heavy atoms 0.85 A .
thus far unique to 1D8.
Minor 1D8 cross peaks were also observed for side-chain res-
®The statistics are for the 20 lowest energy structures from an ensemblgnances in botA°N-edited(Asn and GIn residu@snd *3C-edited

of 30 calculations. .
bThe difference in number of ambiguous and unambiguous NOEs at tthECtra' However, because of congestion and the presence of re

start and end of the calculation is due to trimming of the assignmen®idual water, complete assignment of the minor aliphatic reso-
possibilities based on distance filtration and percent contribution to thexances was not possible in thH€-edited spectra. In well-separated
NOE intensity using the ARIA methodology of NilgeNilges, 1995; Nilges  regions clear exchange was observed, in some cases all the way out
etal., 1997. to core side-chain methyldig. 2C). An interesting result is ob-

17 205:3202 gfzﬂ}f ;?]zngf;;blgfj :;gnﬁs, two restraints were aIDIOIIEOI'served for the twgB-protons of Ser65; these have distinct chemical

dRamachandran analysis was calculated with Procheck-KMBkowski  Shifts in the major conformation but are degenerate in the minor
et al., 1996. conformation(Fig. 2D). Although more assignments are necessary
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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 bl&kSuperposition of the structures of 1D8 and WT. The 1Bi8e) structure is closest

to the mean in the ensemble, and the \\gfay) is the crystal structure whose coordinates were used for the d@sigassion code

1UBI (Alexeev et al., 1994.

to determine the generality of this result, it suggests that, althouglil.6 ppm in *H. The most significant differences are observed for
folded, the minor conformation is more flexible. residues 61-73, which include the I@strand(85) and the turn
There is no NOE data for the minor conformation because thdeading into it. The other strands in the sheet also show substantial
only peaks observed in NOESY spectra are exchange peaks; i.ehemical shift deviations, albeit to a lesser extent t3&n Ap-
no “minor to minor” NOEs are observed. This is presumably dueproximately three-fourths of the molecul&3 of 72 backbone
to the low population of this state. However, limited structural amide$ has a minor conformation. In general, residues that do not
information is available from chemical shift assignments. To a firsthave an alternate amide conformation reside in loops and turns
approximation, the degree to which the two conformations differ(Fig. 4). The exception is a set of residues that interact with each
should be reflected by the magnitude of the chemical shift disparether in the most stable elements of secondary structure. Phe4 and
ity between them(Fig. 3A,B). In many cases the difference is Vall5 form a hydrogen bond across fBesheet and show no minor
substantial, as high as 295 H#.9 ppm in >N and 935 Hz  conformation. Vall5 packs against Leu26, which along with a
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Fig. 2. A: Expanded view of a region of tHéN/*H HSQC spectrum of 1D8 contoured atol(Positive and negativ@liased peaks

are both blackB: Exchange correlation for the 1D8 protein in the same spectral region as Figure 2A. The black spectrum is the normal
I5N/*H HSQC, and the red spectrum is the same experiment with a 125 ms delay immediately foffwiigemical shift evolution.

Blue lines indicate exchange correlations by lining up major and minor amide HSQC peaks with correlated exchange cr@ssfpeaks.
18C/H difference correlation spectruiwider et al., 1991, expanded in the region around themethyl cross peaks of Leu61 and
Leu50. Major(M) and minor(m) cross peaks are positiudlack), and exchange correlation cross peaks are negétik. The
difference spectrum was obtained by subtracting two versions of the correlation experiment, one with the mixihg3ime before

13C chemical shift evolution and one with it aft®: 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 (¢t@f@nteH3,), they

are degenerate in the minor confornietB).

stretch of residues in the heli26—29 also show no alternate fects protein specificityLim & Sauer, 1991; Starich et al., 1998
amide conformation(Fig. 4). It is somewhat peculiar that the and our results suggest that this can occur by shifting the equilib-
C-terminal tail, disordered in the ensemble of struct(Fag. 1A), rium between alternate conformations.
shows the presence of an alternate conformation all the way to
Gly75. This may reflect coupling to the conformation@5.

Despite the low intensity of the minor peaks in 1D8, the dataAmide exchange protection of 1D8 shows
indicate an important result—core packing has made a single adx similar pattern of perturbation
ditional conformational state accessible. Exchange between the
two states appears to be concerted since a single set of minor cro$e further investigate local structural and dynamic differences be-
peaks is observed. These concerted changes propagat@®reon  tween 1D8 and WT, we measured amide hydrggenterium(H/D)
the rest of the sheet to an extent that falls off with distance f88m exchange protectio(Bai et al., 1995 Assuming an EX2 mecha-
(Fig. 4). The response of the protein to the mutations differs fromnism, one in which HD exchange is slow relative to the folding
that observed in most crystallographic studies, which have showrate of the protein, protection factors directly reflect the equilib-
that packing mutants typically relax to a slightly altered yet singlerium constant of the unfolding transition or fluctuation required for
backbone conformatiofBaldwin et al., 1993; Jackson et al., 1993; exchange to occu(Bai et al., 1995 GuHCI-induced unfolding
Lim et al., 1994. The difference may be due to “freezing out” of monitored by CD indicates that 1D8 is destabilized relative to WT
a single structure in crystals, differences in the protein folds, oy approximately 2.6 kc@mol (Lazar et al., 199X This translates
other factors. Previous experiments have shown that packing ato an expected loss in protection of two orders of magnitude.
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Fig. 3. A: Absolute differences in backboreN (black) and amide'H (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 chati (black), *3C (red), and*®N (blue) chemical shifts between the major and minor
conformations for a subset of assignable cross peaks. Frequency differences are in Hz. The data represent th&offworg°N/*H

pairs: GIn2 Ne/(Hezy and Heyp), Val5 Cyo/Hyos, Leu8 Go/H2s, Thrl2 Cyo/Hyas Thrld QB8/HB, Asn25 N5,/Hbo1, 11€30 C51/Hd 14,

GIn40 ’\kz/(H621 and |'k22), lledd CYZ/H72#, Ala46 (B/HB#, Leu50 B,/Hédo4, Asn60 N,/ (HS21 and HS,,), Leubl Go/Hbo4, GING2

Ne,/(Heyr and Heyy), Ser65 @B/(HB1 and HB,), Thre6 QB/Hg, 1le67 Cyo/Hyox, 70Val Cy,/Hy,s. Here the # symbol indicates that the

three degenerate protons for methyls, and the methyl carbons for all vdlipgand Cy,) and leucine$Cs; and G5,) are nondegenerate.

C: Protection factors for WTblack and 1D8(blue). The dashed line at protection facter 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 facter 1 for clarity. Regions of secondary structure are illustrated below the plot.
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Fig. 4. Chemical shift differences between the major and minor conformations plotted on the structure of 1D8. The color scale
represents the summéeN and*H 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 confotfdt®rand 2§ and the four

that show a loss of amide protecti@9, 61, 67, and 69

Indeed, many amides in 1D8 have protection factors about 100eonformation is caused by a structural change primarily involving

fold lower than in WT(Fig. 3C). They reside predominantly in the the last3-strand and the preceding turn in a manner that weakens

major secondary structure elements of the protein and generallld-bonds in this region, but according to the chemical shift disper-

show the highest protection. By contrast, there are several residuagon does not cause unfolding.

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 Oéide-chain rotamer strain is correlated

helices or strands, or at the more solvent exposed center position. . -

. .~ with the change in specificity

of the a-helix. The results suggest that the less favorable packing

in 1D8 primarily affects the global unfolding transition, but has At the start of this study our main questions wef®: how well

little effect on local fluctuations that do not require unfolding to does ROC do at predicting the side-chain structure of 1D8; and

interact with solvent. This agrees very well with exchange data2) can we understand the lower stability of 1D8 relative to WT?

obtained for the 1D7 variar{iiohnson et al., 1999 With the observation of the minor conformer that is not observed
An important difference between WT and 1D8 is observed forin WT, we also became interested in understanding the origin of

residues 59-69, involving the Ig8tstrand and the preceding turn. this state, as this information may provide insight into how con-

Four amides in this regiof69, 61, 67, and 69show a complete  formational transitions occur. To address these questions, we ex-

loss of protection. Even after accounting for the global loss inamined in detail the predicted and experimentally determined side-

stability, these H-bonds should still be detectable, particularly giverchain rotamers of WT and 1D@able 2.

that three of the four amides appear to exchange via local fluctu-

ations(Johnson et al., 1999This, in fact, is the same region of the ~ ROC predictions become less accurate

protein that shows the largest chemical shift differences between With increasing side-chain flexibility

the major and minor conformatioiBigs. 3, 4. Together, the AD As previously describedJohnson et al., 1999 ROC suc-

exchange and chemical shift data strongly suggest that the minaressfully predicts 12 of 14 side chains for WT ubiquitin, with one



Table 2. Predicted and experimental rotamérs

WT 1D8
Predicted Experimenta Predicted Experimenta]
Positon Res ROE  x; X2 %  Rank X1 X2 % Rank Re%& ROC X1 X2 %  Rank X1 X2 % Rank
3 | + 60 180 13 3 60* 180 13 3 L - (6) —60 60 8 3 —60* 180* 56 1
(4) —60 180 56 1
5 \% + 180 71 1 180* 71 1 \% + 180 71 1 180* 71 1
13 | - 60 180 12 3 —60 180 57 1 L ? 60 60 1 7 of of R R
xtal 130 180 R R
15 L + —60 180 56 1 (7) —60 180 56 1 \% + —60 20 2 —60* 20 2
)] —60 —60 2 5
17 V + —60 20 2 —60* 20 2 L - (5) 60 135 R R (7) —60 180 56 1
(4) 60 60 1 7 (2 235 60 R R
(1) —60 113 R R (1) 180 60 27 2
23 | + —60 —60 16 2 —-60* —60 16 2 \% + 180 71 1 180* 71 1
26 V + 180 71 1 180* 71 1 L + 9 180 60 27 2 180* 60* 27 2
(1) 180 180 4 4
30 | + —60 180 57 1 —60* 180 57 1 | + —60 180 57 1 —60* 180 57 1
43 L + —60 180 56 1 —60* 180 56 1 L + —-60 180 56 1 —60* 180* 56 1
50 L + —60 180 56 1 —60* 180 56 1 L + —60 180 56 1 —60* 180* 56 1
56 L + —-60 180 56 1 —-60* 180 56 1 L - (5) —60 180 56 1 —60*  180* 56 1
(5) -60 113 R R
61 | + —-60 180 57 1 —-60* 180 57 1 L - 9) -60 180 56 1 (5) —-60 -60 8 3
(2) 180 60 27 2 (4 —60 180 56 1
(1) —60 126 R R
67 L - —60 180 56 1 —60 60 8 3 | ? —60 180 57 1 (4 —-60* 180 57 1
xtal —60 180 56 1 (4) —60* 130 R R
2 —60* 60 3 6
69 L + 180 60 27 2 180* 60 27 2 L - 180 60 27 2 (6) 180 180 4 4
(4) 180 60 27 2

709¢

aRotamers have been rounded to the nearest canonical value usiA@ &utoff. For angles that deviate greater thari #6m 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 angleRd#K” @md the percent and the rank ordering of each

rotamer in the Protein Data Bank according to the backbone-independent library of Dufbradtkack & Cohen, 1997 “R” indicates rare eclipsed angles.

b+ indicates correctly predicted rotamers;* indicates incorrectly predicted rotamers, and “?” indicates that the accuracy of the prediction cannot be determined due to ambiguitiesriméTgagxpe

structure. The rotamer that is populated in the majority of the structurBsis arbitrarily assigned as the true rotamer value for determination of correct or incorrect prediction.

¢The 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 struct@ernilescu et al., 1998“xtal” indicates that the NMR structure differs from both crystal structures 1(#Bixeev et al., 1994and 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 coupéngentsasu

€Core residues that differ between WT and 1D8 are bold in the 1D8 sequence.

fLeu13 in 1D8 has no preferred set of rotamers in the experimental ensemble, and the majority of the angles are eclipsed.

‘e 19 Jezeq 'v'o
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x1 (lle13) and oney, (Leu67) rotamer predicted incorrectly mediate between WT and 1D8, consistent with the observation that
(Table 2. Both show discrepancies between the available NMRpredictability breaks down with increased flexibility.

and crystal structures. Theg, of lle13 is —60 in the NMR struc-

ture, eclipsed130) in both crystal structures, and an intermediate  gjqe-chain conformational strain and flexibility

value (60) in the prediction. The predicteg, of Leu67 is in are a probable cause of the minor conformer
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 lowestand methyl order parameters, respec- these side chains sample more than one rotamer in the ensemble of

tively, of any core residues in W{lohnson et al., 1999explain- . - .

. . - ; . _.experimental structures, none show below average side-chain or-

ing the lack of accuracy in the prediction and the discrepancies in . )
. . ... der parameter€lohnson et al., 1999all are in the first or second

the experimental structures. Leul5 also shows increased flexibility— . .

. . . most statistically favorable rotamers, and all are predicted cor-

it has a slight tendency to populate a second conformer in the

NMR ensemble, occupies an eclipsed rotatner= 242, y, = 60) fectly by ROC(Table 2. We postulate that this greater level of

in the 1UBQ crystal structur@/ijay-Kumar et al., 198%, and has strain _and flexibility in the 1D8 core 1 rela_ted_to th‘? e_xchange
. . . behavior of the protein. Many of the side chains in statistically less
a slightly lower than average side-chain order param@tginson

et al., 1999. It is nonetheless predicted correctly. Overall for the preferred conformat|on§ n 1[.)8 r.e5|de In the same regions that
very well-packed WT protein, ROC does as good a job at deter_show the greatest chemical shift differences between the major and

2 . . ' h minor conformationgFig. 3A,B; Table 2. B-strand five and the
mining core side-chain rotamers as the experimental data and suea-

gests indirectly by its mispredictions which side-chains are mor: receding turn show by fa_r the_ largest dn"ferer_lces, as w_eII as aloss
dynamic of H/D exchange protectiofFig. 3C). There is no detailed ex-

. S lanation for why this region is the most affected. One possibility
For 1D8, there appears to be substantially more mobility in th.elt; that it is the most susceptible to perturbation sig6és partially

core side chains as reflected in the distribution of conformations in : i .
. ) - exposed and unconstrained by a loop or turn at its C-terminal end.
the NMR structure¢Table 2. Interestingly, there is mobility in the . . -
. s : The data also suggest that in ROC calculations of stability, the
predicted rotamers as well: in contrast to WT for which the same

. ) . . weighting of intra-side-chain and side-chain—backbone interactions
rotamers are predicted in 10 separate simulations, ROC does not . ) ; . o .

are underestimated relative to side-chain—side-chain interactions.
converge on the same set of structures for 1D8ble 2. ROC

correctly predicts 7 of 14 core residues, with one incorfgangle For example, ROC attempts to place three resuﬂhésl?l, and 55
. in unfavorable rotamers, presumably because the high energy of
(Leul?) and four incorrecty, angles(Leu3, Leu56, Leu61, and . i T .
: ; : these rotamers is overcompensated by good side-chain—side-chain
Leu69. The two most mobile residues in WT, Leul3 and lle67, are .
L . contacts. However, as for 1D0{@ohnson et al., 1999the experi-
also dynamic in 1D8, to the extent that the predictions cannot be : .
. o - . mental data demonstrate the tendency for some side chains to
evaluated. Overall, ROC is worse at predicting the side-chain con- . . .
. ) . .adopt more favorable conformations, particularly those in more
formations in 1D8 than WT, and this appears to be due, at least Irc])rdered regions of the protefaway from the C-termini and loops
part, to the higher level of side-chain flexibility in the designed 9 P y

protein Ra_ther than force the side chains into unfavorable rqt_amers, 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.

There are three core residues in 108, 61, and 69that show
a greater level of strain and mobility than in WT. In WT none of

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
shows the probability of finding each core residue in its observe
conformation for both predicted and experimentally determineda
structures. The probabilities and rank are based on a backbon&he altered specificity of 1D8 raises the question: to what extent
independent rotamer library derived from a statistical analysis ottan the structural specificity of proteins be affected by packing? To
side chains in the Protein Data BafRDB) (Dunbrack & Cohen, answer this question, we investigated the structure of a ubiquitin
1997. The experimental data show that 1D8 has more side chaingariant, R7, which has the same core composition as WT but in
in statistically less favorable conformations than WT, suggesting aandom order(Lazar et al., 199% This protein is very poorly
higher level of conformational strai(Fig. 5. This is correlated packed, and only marginally stalleG = 2.0 kca)/mol for R7, 7.2
with the higher level of side-chain mobility relative to the WT kcal/mol for WT), making it an excellent control. Despite this, the
protein. Most residues with a single conformer are in the best of>N/*H HSQC spectrum of R7 is as dispersed as that of WT
second best conformation whereas those that populate unfavorah(Eig. 6A) and other ubiquitin core varian{data not shown and
rotamers tend to sample multiple rotamer staigg. 5. The num-  much more dispersed than partially folded or unfolded proteins
ber of statistically less favorable rotamers is a reasonable explaYao et al., 1997; Dyson & Wright, 1998Complete structural and
nation for the lower stability of 1D8. Increased strain and flexibility dynamic information on R7 would be of significant interest, but a
of the core side chains could also contribute to loss of stability bychallenging task because of its poor solubiliignly ~100-
disrupting favorable interactions, particularly those which have &200 M protein samples could be mad&levertheless, adequate
steep distance dependence such as van der Waals interactions 812l CBCA(CO)NNH and CBCANNH spectréBax, 1994 of R7
H-bonds. The trend is supported by the fact that another designedere obtained for complete backbork /*N/*Ca and side-
protein, 1D7, shows intermediate stability between WT and 1D8chain *3Cg assignments. The fact that all assignments could be
and an intermediate level of mobility and strain in its core sidemade distinguishes R7 from partially foldédolten globule states,
chains(Johnson et al., 1999The ability of ROC to predict side- which are generally intractable because of low dispersion and se-
chain conformation in 1D{Johnson et al., 1999s also inter-  vere line-broadeningDyson & Wright, 1998.

foor packing is not sufficient to produce
partially folded state of ubiquitin
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Fig. 5. Experimental core side chains foh) 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 allimibrer statistically favorabjeotamers are colored blue.

Assignments alone provide valuable structural informatié6.  drophobic and polar residues is the dominant determinant of fold
chemical shifts of thex- andB-carbons are strongly dependent on (Dill, 1990; Kamtekar et al., 1993; Sun et al., 1995; Rojas et al.,
the conformation of the protein backbone, and deviation of thesd 997). Nonetheless, the generality of the R7 result remains to be
chemical shifts from random coil values is an excellent indicator ofseen. In oligomeric helical proteins, changes in global specificity
secondary structurgSpera & Bax, 19911 Residues in helices tend have been observediarbury et al., 1993; Munson et al., 1996
to have positive @ and negative B chemical shift deviations, We suspect that this is because the differences in energy between
while those inB-sheets have negativexnd positive @ devia-  alternative oligomeric states are small relative to the amount of
tions. The data for WT and R7 overlap very wéflig. 6B), even  energy required to interconvert most globular folds, and these
in the absence of definitive trends in some regions of secondargnergy differences may be well within the range affected by pack-
structure. The WT and R7 deviations are as similar as those of Wng interactions. This is supported by the observation of GCN4
and 1D8(data not shown the folds of which are identical at high variants that exist in equilibrium as dimers and trimgenzalez
resolution(Fig. 1B). This indicates that R7 has a reasonably well- et al., 1996a, 1996b
defined structure that is similar to WT ubiquitin. Given the mar-  Packing clearly affects the local specificity of 1D8, and this is
ginal stability and poor packing of this protein relative to the likely to be true for R7. In fact, extrapolation of the trends ob-
exceptionally stable WT protein, the results strongly suggest thaserved from a comparison of WT, 1D7, and 1D8 suggests that
core packing alone does not influence global specificity. This isside-chain flexibility will probably be higher in R7. Because of
consistent with other reports, which argue that the pattern of hysolubility problems, we have not investigated the presence of
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Fig. 6. A: >N/H HSQC spectra of WTtop) and R7(bottorm). The >N spectral width was set to 700 Hz to optimize data collection
time, so some of the peaks are aliaggd*Ca (top graph and*3Cg (bottom graphchemical shift deviations from random coil values
for WT (shaded circles, continuous linemnd R7(open circles, dashed linesChemical shift deviations are in parts per milligepm).
Regions of secondary structure are illustrated below the plot.

alternate conformeés) in R7. However, it is possible that R7 has of side chains that sample multiple conformations, and side chains
sufficient flexibility to adjust in multiple ways such that no one predicted to be in unfavorable rotamers typically populate a more
conformer is highly populated. Nevertheless, in the context offavorable rotamer or multiple rotamers. This emphasizes the ten-
the rest of the ubiquitin sequence, the presence of very poodency of side chains to adopt the most favorable conformation
packing is not sufficient to change the fold or reduce structuralwhen possible and suggests that conformational entropy may help
specificity to the level characteristic of molten globules. This offset the effects of strain. Second, strain that would otherwise
suggests that packing can be significantly altered to modulat®ccur from forcing side chains into poor conformations appears to
the dynamic behavior of a protein without drastically affecting be partially compensated by sampling more than one conforma-
its topology or overall well-ordered properties. A key goal for tion. This response of the protein is a unique observation, and
protein design will be to understand how to do this in a predictivetogether these results contribute new information about the role of
way. 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
1D8 was designed to mimic WT ubiquitin, and the similarity of the understand and control these properties for the design of protein—
structures demonstrates the utility of ROC for protein design. How-protein interactions and function.

ever, careful inspection of the data reveals some subtle but impor- The results also have implications for improvements to design
tant observations. First, rare rotamers generally appear in the conteatgorithms. When stability and structural rigidity are goals, better

Conclusions
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performance may be achieved by restricting acceptable design$MR assignments and structure calculations
to sequences that can accommodate side chains in the most faes—

ored rotamers. Furthermore, the data indicate that correlations ata were processed with the program AZA E. - Boucher, un-
: . . ubl. data. A database of chemical shift assignments was made
between predicted and experimentally determined structure

while useful, should be interpreted with caution. The presenc Using semi-automated procedures with the program ANSIG3.3

of some side chains in multiple rotameric states indicates thal Kraulis, 1989; Kraulis et al., 1994NOEs were not assigned but

. - o . only peak-picked and integrated within ANSIG, then exported and
ensemble calculations may be more reliable. This is particularly . 2 o

. ’ ) . converted into restraint lists in AZARA. The restraint lists were
true for lower stability variants, which according to our results

. - - enerated by matching the chemical shift of each NOE cross peak
are likely to be more flexible and less accurately predicted by & : . o . .
. : : . _with all assignment possibilities within a given tolerance based on
single calculation. Finally, the alternate backbone conformatio

. : - "the chemical shift database. Two types of restraint tables were
observed in 1D8 underscores the importance of developing meth- . . A
ods that do not rely on a fixed backbone, but rather can samplgmpm' an unamblguous restralr_lt I@erl\{ed from NOE cross
related structures. pgaks that are_ass_lgnab!e to a single pair of protansl an am-
biguous restraint filgderived from NOE cross peaks that have
multiple assignment possibilitigsInitial structures were calcu-
lated in X-PLOR (Briinger, 1992 with both unambiguous and
ambiguous NOE restraints, treated with® summing (Nilges,
1995; Nilges et al., 1997 and dihedral angle restraints. The chi-
rality of nonstereoassigned methyl and methylene groups were
WT, 1D8, and R7 gene construction and protein purification wereallowed to float by setting the force constant for improper angles
described previouslyfLazar et al., 1997 NMR samples were to zero(Folmer et al., 199% In addition, random explicit swap-
uniformly labeled with5N or 15N/13C by growth in minimal  ping of chirality was performedFolmer et al., 199} with accep-
media containing'*C-glucose angor **N-ammonium sulfate as tance based on a Metropolis criterighizoue et al., 1998 As
the sole source of carbon and nitrogen. NMR experiments on 1D8alculations proceeded, restraint violations and restraints that con-
and WT were performed with samples prepared in 25 mM sodiundributed little to the NOE intensity were gradually discarded with
acetate-B, 25 mM sodium phosphate, 0.02% sodium azide, 10%protocols within the ARIA extension of X-PLORNilges, 1995;
D0, pH 5.8 at protein concentrations of approximately 2 mM. TheNilges et al., 199)Y. Exchange peaks in 1D8 NOESY spectra were
R7 samples contained no buffer or sahly 10% D;0), pH 5.0, removed subjectively to obtain a structure of the major conformer.
and were approximately 0.2 mM in protein concentration. Theln the last few iterations of the calculation, H-bond restraints were
temperature for the NMR experiments was’@for 1D8 and WT,  introduced. Table 1 shows the distribution of experimental re-
and 25°C for R7. straints at the beginning and end of the calculations. WT ubiquitin

assignments for D exchange studies were obtained from Wand
and coworkergWand et al., 1996 There are two published crys-

NMR experiments tallographic structures of WT, accession codes 1UB@ay-

Most details of the NMR methodology are similar to those de-Kumar etal, 198Yand 1UBI(Alexeev etal., 199)4and§solut|on
structure was obtained through personal communicat©@or-

scribed more completely in previous reports from our laboratory . . ;
(Johnson et al., 1999: Mizoue et al., 1998l experiments were nilescu et al., 1998 All of these structures are of high quality and

. r ntially identical. Important discr ncies in core side-chain
carried out on a Bruker DMX600, except for théC/*H correla- are essentially identica portant discrepancies in core side cha
. . . rotamers between the three WT structures have been noted in the
tion experiment, which was done on a Bruker DRX500. Hetero-

. . . . text and Table 2. The 1D8 assignments, restraint lists, and coor-
nuclear assignments for 1D8 were obtained using a suite of standar, o
. . : inates for the ensemble of structures have been deposited in the
double and triple resonance experime(Bsx, 1994. Chemical

shifts were referenced according to the method of Wishart et all?rotem Data Bankaccession code 1C3T

(1999. Structural restraints were obtained from several types of i

NMR data. NOE distance restraints were obtained from the folMéasurement of protection factors

lowing experiments: a 3D°N-separated NOESY-HSQCTalluri  Amide exchange rates for 1D8 and WT ubiquitin were measured
& Wagner, 1996, a 3D **C-separated NOESY-HSQQuiderweg  with a series of'5N/'H HSQC spectra. Peaks were fit to 2D
etal., 1990, and a 4D'3*C/*3C-separated HMQC-NOESY-HMQC  Gaussians using the program Prii¢@hen et al., 1996 Exchange
(Vuister et al., 1998 all using 150 ms mixing times. Quantitative rates were calculated by fitting peak heights to a decaying expo-

J correlation methodéBax et al., 199% provided stereoassign- nential with a baseline. Protection factors were calculated from the
ments, as well ag and y angle restraints. H-bond restraints were equation:

derived from slowly exchanging amides identified in &W/*H

HSQC spectrum recorded immediately after resuspension of lyo- P = Krc/Kobs
philized protein in BO; a series of such data as a function of time
was also used to calculate protection fact@wse below. Direct
correlations between major and minor conformations in 1D8 wer
observed using®N/*H and *3C/*H HSQC spectra containing a
mixing time after the chemical shift evolution period. Two-dimen-
sional difference correlation spectra were obtained by subtracting2
such experiments from ones in which the mixing time is placed
prior to the evolution period§Wider et al., 1991 Mixing times Prediction of core side-chain structure for WT and 1D8 was per-
were varied from 25 to 500 ms. formed with ROC (Desjarlais & Handel, 1995 using version

Materials and methods

Ubiquitin proteins

wherek, is the exchange rate expected for a random coilkapg

is the measured exchange ratg.is calculated using the method
f Englander and colleaguéBai et al., 1993 taking into account

the contributions from neighboring side chains, pH, and temperature.

otamer analysis
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ROC* (Lazar et al., 199y Predictions were obtained by fixing the Dyson HJ, Wright PE. 1998. Equilibrium NMR studies of unfolded and partially

composition and allowing only side-chain conformation to__ folded proteinsNat Struct Biol 5 Suppt99-503. . o
core p. . 9 y . Folmer RH, Hilbers CW, Konings RN, Nilges M. 1997. Floating stereospecific
mutate during ROC calculations. ROC was run with 10 super- assignment revisited: Application to an 18 kDa protein and comparison with

cycles of 300 rounds of “evolution,” generating an ensemble of 10  J-coupling dataJ Biomol NMR 9245-258.
structures for each protein. The template for the predictions wa§onzalez LJ, Plecs JJ, Alber T. 1996a. An engineered allosteric switch in leucine-

zipper oligomerizationNat Struct Biol 3510-515.
the CryStaI structure 1UE(Nexeev etal, 199)4 The output from Gonzalez LJ, Woolfson DN, Alber T. 1996b. Buried polar residues and structural

each run consists of a list of energetically favorable cores with  specificity in the GCN4 leucine zippeNat Struct Biol 31011-1018.
the 1D8 or WT sequence, but different rotamer conformationsHarata K, Abe Y, Muraki M. 1999. Crystallographic evaluation of internal

and calculated energies. Predicted and experimental rotamers in motion of human alpha-lactalbumin refined by full-matrix least-squares
bl . d if th ithir 40° method.J Mol Biol 287.347-358.
Table 2 were assigned t660, 60, or 180 if they were withig: Harbury PB, Zhang T, Kim PS, Alber T. 1993. A switch between two-, three-,

of the canonical value. When there was a distribution between two and four-stranded coiled coils in GCN4 leucine zipper mutaStsence
conformers in the predicted structure or the ensemble of NMR  262:1401-1407.

. f o ellinga HW. 1998. The construction of metal centers in proteins by rational
structures, the rotamer, which was populated in the majority of the' design Folding Design 3R1-RS8.

structureg>5), was arbitrarily assigned as the true rotamer valuejackson SE, Moracci M, elMasry N, Johnson CM, Fersht AR. 1993. Effect of
for assignment of the prediction as correct or incorrect. Statistical cavity-creating mutations in the hydrophobic core of chymotrypsin inhibi-

analysis of side-chain conformations for the predicted and exper- _tor 2. Biochemistry 3211259-11269. ,
Johnson EC, Lazar GA, Desjarlais JR, Handel TM. 1999. Solution structure and

imentally determined structures was performed with the backbone-""y namics of a designed hydrophobic core variant of ubiquinuct Fold

independent library of DunbrackDunbrack & Cohen, 1997 Design 7967-976.
(URL:www.fccc.edy'researciilabs/dunbrack/sidechain.html Kamtekar S, Schiffer JM, Xiong H, Babik JM, Hecht MH. 1993. Protein design
by binary patterning of polar and nonpolar amino actisience 262680
1685.
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