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Abstract

The N-terminal 17 residues of ubiquitin have been showAHWMR to fold autonomously into g-hairpin structure

in aqueous solution. This structure has a specific, native-like register, though side-chain contacts differ in detail from
those observed in the intact protein. An autonomously folding hairpin has previously been identified in the case of
streptococcal protein G, which is structurally homologous with ubiquitin, but remarkably, the two are not in topolog-
ically equivalent positions in the fold. This suggests that the organization of folding may be quite different for proteins
sharing similar tertiary structures. Two smaller peptides have also been studied, corresponding to the isolated arms of
the N-terminal hairpin of ubiquitin, and significant differences from simple random coil predictions observed in the
spectra of these subfragments, suggestive of significant limitation of the backbone conformational space sampled,
presumably as a consequence of the stroggstructure favoring composition of the sequences. This illustrates the
ability of local sequence elements to express a propensifg-&iructure even in the absence of actual sheet formation.
Attempts were made to estimate the population of the folded state of the hairpin, in terms of a simple two-state folding
model. Using published “random coil” values to model the unfolded state, and values derived from native ubiquitin for
the putative unique, folded state, it was found that the apparent population varied widely for different residues and with
different NMR parameters. Use of the spectra of the subfragment peptides to provide a more realistic model of the
unfolded state led to better agreement in the estimates that could be obtained from chemical shift and coupling constant
measurements, while making it clear that some other approaches to population estimation could not give meaningful
results, because of the tendency to populategtnegion of conformational space even in the absence of the hairpin
structure.
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The cooperativity of interactions defining a protein structure is oneinformation about, for example, the extent to which the conforma-
of the most difficult aspects of the folding problem. Since thetion of a particular residue is specified by the local sequence or,
stability of every interaction depends, in principle, on cooperationconversely, by the requirements of the wider tertiary structure. It is
with every other interaction, it is not straightforward to extract clear, however, that global cooperativity is not an absolute require-
ment for structural ordering, so that independent folding of sub-
structures, such as isolated secondary structural elements, is often
detectable.
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filtered correlation spectroscopy; NOE, nuclear Overhauser effect; NOES ’tructures of other parts of the molecule through the tertiary struc-

NOE spectroscopy; RP-HPLC, reversed-phase high-performance liquid chrdural constraints they place and they might also help to direct early
matography; TOCSY, total correlation spectroscopy. events in folding pathways.
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Although rather less work has been done in the caggslieet  using the sequential method of Withric986). Full details of the
structures, it is now apparent that sopuairpins can fold auton-  assignments are available as supplementary material.
omously into native-like structures, either in aqueous solution orin  The fingerprint regions of the NOESY spectra of1J17) in
the presence of an organic cosolvé@ox et al., 1993; Blanco water and in 3:7 methanol:water are compared in Figure 2. It is
et al., 1994a, 1994b; Searle et al., 1995, 198& novodesigned clear that the chemical shift dispersion, both ofHCand NH
hairpins have also been shown to fold in some instaB&nco  protons, is markedly diminished in the purely aqueous system,
et al., 1993; de Alba et al., 1996; Ramirez-Alvarado et al., 1996;suggesting a lower level of secondary structure formation by the
Maynard et al., 1998 The work reported in this paper concerns an peptide under these conditions. However, closer examination of
N-terminal 17-residue segment of ubiquitin, which, in the nativethe NMR data provided a series of indications that, even in water,
structure, forms g-hairpin (Fig. 1). there is some population of A-hairpin broadly similar to the

A solution of ubiquitin at pH 2 in 3:2 methanol:water was found structure formed in aqueous methanol and in native ubiquitin
to exist in a partially structured “A-state” in which most of the (Vijaykumar et al., 1987; Cox et al., 1993The GH shifts are
residues 1-35spanning the N-terminal hairpin and the native predominantly downfield of the values expected for an unstruc-
a-helix) exhibit C,H shifts whose pattern and relative magnitude tured peptide, for residues 1-6 and 12-17, corresponding to the
approximately mirro40—-100% those found in the native struc- residues of the nativg-strandg(Fig. 3): this is typical of residues
ture (Harding et al., 1991; Stockman et al., 199@n the other in a B-sheet(Wishart et al., 19911 Two clear exceptions are the
hand, the C-terminal segment in the A-state is not at all native likeC,H protons of lle3 and Val5, both of which are actually upfield
but is composed almost entirely of non-native helical structureshifted.

(Stockman et al., 1993 Table 1 shows that for residues in the sequences 2—7 and 12-17,
To assess the extent to which the native-like structures in théhe coupling constantdyy,, are mostly substantially greater than
N-terminal part of the molecule might be interdependent for theirwould be expected for these residues in a substantially unfolded

stability, peptide fragments corresponding to residues 1-21 angeptide(Smith et al., 1998 which is again indicative g8-structure
1-35 were examined under the same mixed solvent conditions. [(Wuthrich, 1986. There is also a network of NOEs supporting a
was found that the chemical shifts of residues within the hairpinroughly native-like folded structurgFig. 4). These include a sub-
were essentially identical in both of these peptides to those in thetantial number of cross-strand NOEs, mainly involving side chains,
intact A-state, suggesting that this is, in fact, an autonomouslyut also including main-chain NOEs between thgHQorotons of
folding element under these conditioi@ox et al., 19938 It seemed  Phe4 and Thrl14, and between the NH protons of Thr7 and Lys11.
from CD and one-dimensional NMR studies of the same peptidesThese demonstrate that the register of fhasheet interactions is
however, that under purely agueous conditions a much lower levahdeed native like. Other cross-strand backbone NOEs that might
of order existed, presumably because the alcohol component altehave been expected on the basis of the native hairpin structure
the solvent properties so that the driving force for the formation ofwere not observable owing to severe spectral overlap. All but a few
intramolecular hydrogen bonds is increased. Nonetheless, the peavf the side-chain NOEs identified were native like to the extent
sistence of even a modest level of native-like structure in watethat they involve residues that are notionally adjacent in an ideal-
would be of considerable interest in relation to an understanding oized 8-hairpin conformation. There were no long-range NOEs sug-
the folding of this protein. We have therefore investigated thegestive of non-native interstrand interactions, indicating that there
behavior of the hairpin sequenceg1417 in more detail, as re- is no significant population of hairpin structures with alternative
ported in this paper. strand registers. Nonetheless, there are significant differences of
detail from the NOE pattern actually observed in spectra of native
ubiquitin. This is illustrated for the case of the aromatic ring of

Results Phe4, in Figure 5. The NOEs from Phe4 to the methyl groups of
lle3 are not consistent with the native structure since these side
NMR evidence for folding of U(1-17) in aqueous solution chains are on opposite faces of the hairpin, and therefore would be

. ) ] ) expected to be too distant from one another. These effects are thus
H NMR spectra of the peptide (117 in aqueous solution at et jikely to arise from unfolded or, at least, nonhairpin confor-

2°C were characterized by sharp resonances with sufficient disgations in equilibrium with the native-like structure. More subtly,

persion in two-dimensional spectra to allow complete assignmenf,are gre strong NOES to the two Thr side chains on the opposite

strand, residues 12 and 14. These are compatible with a native-like
backbone foldingFig. 1) but in the native structure the orientation

of the ring is such that Thrl2 is not close and the corresponding
NOEs are not observed. This suggests, therefore, that although the
H backbone framework of the hairpin is native like in the peptide,
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o i : "‘cH /ZH The NMR results are qualitatively similar to those obtained

/ﬁ\/z i )OK/E i )CJ)\/E Y j\/: NS, previously for this peptide in agueous methanol solution, where the

N7 Y \(kv,v Y \(kr,v Y \n/'\h,* Y HH formation of such a hairpin structure was also infert€dx et al.,

Y, 1993. However, the disparity in the chemical shift perturbations

vi7 E16 L15 T14 13 T12 K11 observed, evident in Figure 2, suggested that the population of the

Fig. 1. Schematic drawing of the-hairpin structure formed by the structured state might be much more limited in purely aqueous

N-terminal segment of the ubiquitin in its native state. Interstrand hydrogersolution. The feasibility of using various conformation dependent
bonding and relative orientation of the,i€ protons are indicated. NMR parameters to quantify the population of the hairpin, assum-



1322

R. Zerella et al.

ppm ppm B @ @
3.8 3.8 ul—a/
NH
K1T G 10
4.0 4.0+
NH «
Ty xé
4.2} 421 /] \@ @
[
o .
4.4 4.4+
‘&\ NH _a d '@
G10 9 @
4.6 4.6
4.8 4.8 |
5.0 5.0
VY
5.2- 5.2-4YsF ":"‘
]
54 T T T T 54 T T T T T T T T
9.0 8.8 8.6 8.4 8.2 ppm 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 ppm

Fig. 2. A: Fingerprint region of the 200 ms NOESY spectrum gfldl?) in H,0:D,0 (9:1) (2°C, 1 mM, pH 3.8. B: Fingerprint
region of the 200 ms NOESY spectrum 0f13-17) in CD;0D:H,0 (3:7) (2°C, 1 mM, pH 3.8. Assignments of intraresidue cross peaks
are indicated. Note that the chemical shift scale is the same in both spectra.

ing a simple two-statéfolded and unfoldedmodel was therefore
investigated.

Population of the hairpin structure

There are a number of problems to be addressed in trying to
quantify the population of #-hairpin structure. First, there is the
issue of whether a simple two-state model is really applicable, or
whether the system needs to be treated as a more complex dynam
ensemble. The most obvious test of this would seem to be to checkg]
the consistency of calculated populations derived from alternative
experimental parameters, assuming the simple two-state model.
The other problem is to find suitable limiting values for these
parameters, characteristic of fully populated structured and un-
folded states. For the structured state, the most straightforward
approach was to assume that it was native like in detail and there-
fore take values from the spectrum of intact ubiquitin in its native
state. For the unfolded state, there is now a substantial body of
data, derived from unstructured peptides and from irregular re-
gions of proteins, which can be used to provide estimated NMR
parameters.

tion of B-hairpin structure for individual residues in(l>-17), cal-
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Figure 6 presents estimates of the apparent percentage pOpUl?r’es ASC,H). Clear bars: Native ubiquitin; hatched bars(1417) in

CD30D H,0 (3:7); black bars: W1-17) in H,0:D,0 (9:1).
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Table 1. 3,4y, coupling constants

Jhine (H2)

Random u(1-7 u@l-17» u(1-17
coil and in in Native
Residue  value$ U(11-17° H,0/D,0° CD3;0D/H,0¢ ubiquitin® Databas@

Met1 — — — — — —
GIn2 7.1 6.7 7.06.9 7.9 8.0 9.4
lle3 7.6 7.8 8.6 9.2 8.7 9.7
Phe4 7.5 7.5 8.18.1) 8.8 9.9 8.5
vals 7.7 8.3 8.5 9.0 9.6 9.7
Lys6 71 6.7 7.0 8.0 8.9 8.8
Thr7 7.6 — 7.9 8.0 8.2 7.0
Leus 7.1 — 6.4 5.3 5.3 —
Thro 76 — 7.8 — — —
Gly10 — — — — — —
Lysil 7.1 6.5 7.3 — — —
Thr12 7.6 7.5 7.7 8.1 9.4 8.8
lle13 76 7.9 8.2 9.1 9.6 9.6
Thri4 7.6 7.9 8.2 8.8 9.5 9.6
Leul5 7.1 7.1 7.47.5 8.7 9.5 9.7
Glul6 6.8 6.9 7.4 7.9 9.6 9.6
val17 7.7 7.7 8.0 9.1 9.5 9.6

aValues derived from the COIL data set as listed in Smith et196.

bValues obtained from one-dimensional spectra. Estimated error marginsOateHz.

“Values obtained using the method of Titman and Ke@@60. Estimated error margins ate0.1 Hz.
Values in parentheses were determined from one-dimensional spectra.

dEstimated error marging0.2 Hz.

®Values calculated from averagg-values, determined from crystallographic coordinates, for 14
B-hairpins containing GB-bulges(Sibanda & Thornton, 1991

culated on this basis from various NMR parameters. Thel C

chemical shift deviations from estimated unfolded state values '7 Y 1 © @ T + +o
(Bundi & Wuthrich, 1979 were assumed to be proportional to the E g + + + * o
population of a structured state in the spectrum of which these shift L + 4 - ®
deviations would be the same as they are in the case of intact, |T : i +® ) ®
native ubiquitin. The values obtained are generally substantially T + ¥

lower in water than in aqueous methanol, as expected, so that the K + @ o [+
estimatedB-sheet content, averaged over the residues 2—-6 and G Bl o

12-16(but omitting lle3, which is anomalous, as discussed ajove 9T 1

rises from 14 to 63% in the presence of the cosolvent. It is clear L +# @]

that in both cases, however, there is wide variation from residue to T + B B +

residue. The conformation-dependéhj,, coupling constants were K + + + +

used in a similar way to provide alternative population estimates. v @ + +

The coupling constants observed in native ubiquitin were used as F + + @ +
estimated values for the folded state of the hairpin and the values ! + + + o+
given by Smith et al(1996 were used for the unfolded state. Q10 + t@®+ @
Essentially the same results could be obtained using the random 1M ° + +

coil values given by Serrand995. The apparent averagesheet
content for U1-17), averaged over th@-strand residues, was
found to be 31% in water and 67% in aqueous methanol. There is

a clear disparity here in that the large increase in population sugFi9- 4. Summary of NOE data for (1-17) in H,0:D,0 (9:1). Cross peaks

. . ... ~of significant intensity in NOESY spectra are classified this: main
gested by the chemical shift changes when the cosolvent is iNtro in—main chaino, main chain—side chaire, side chain-main chain:

duced is not mirrored in the coupling constants, whose averageq, side chain-side chain. The string of NOEs running perpendicular to the
values suggest little change in the population. In both cases, hownain diagonal is characteristic of antiparalBzhairpin structure.

M QI FVKTLTGKTI! TLE V
1 9 17
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’ Fig. 6. Apparent population of a native likg-hairpin state of W1-17),
based on various NMR parameters. Limiting values for the structured and
unfolded states were estimated based on native ubiquitin and on literature
4.7 random coil values, respectivelgee text Black bars: GH chemical shift
perturbations; hatched bard;y, values; clear barsiyy/d.n NOE inten-
sity ratios.A: U(1-17) in H,0:D,0O (9:1). B: U(1-17 in CD3OD:H,O
Sle-a 3_7)
Phe, (3:7).
4.8 /\
o €
4.9 B-sheet extremes, as might reasonably have been expected for a
peptide with a significantly populated unfolded stéféebig et al.,
1996.
The sequentiadiyy NOEs were, as expected, much weaker than
5.0 I r thed,y effects, for protons in the arms of the hairpin structure but
7.3 ppm a number of them could nonetheless be identified. Values of the

Fig. 5. Portions of the 200 ms NOESY spectrum ofid17) in D,O (2°C, _ratio INN(i_’i + D/an(i + D) .for several protons in U-17 are )

1 mM, pH 3.8, showing NOES between the side-chain aromatic protons ofincluded in Table 2. Comparison of these with the corresponding

Phe4 andA) C,H and GH protons andB) methyl group protons. NOE intensity ratios predicted for the native state from the crystal
structure, and with an estimated value for the unfolded state of 0.4
(Fiebig et al., 1995 allowed the apparent population of the
B-structured state to be estimated for each residue pair. The aver-

ever, there is considerable variation in the population estimat@ge value obtained was 87% in aqueous solution and 89% in

from residue to residue. aqueous methanol.

The intensities of NOEs between various pairs of backbone The intensities of interstrand NOEs can also be used to estimate
protons also depend strongly on the local conformation and methpopulations of g-structure. In some ways this is a more straight-
ods for estimation of the population of a particular secondaryforward approach since it is reasonable to assume that such a
structure from the relative intensities of such effects have beefong-range interaction would show no NOE intensity in the ab-
devised accordingly. Values of the ratigy(i,i)/l.n(i,i + 1) were sence of the hairpin and therefore the problem of choosing an
measured in the NOESY spectrum of1317), for those cases appropriate extreme value characteristic of the unfolded state is
where the cross peaks were sufficiently well resolved for quantitrivial. However, NOEs involving side chains could not be used for
tative analysis, and the results are presented in Table 2. The avehis purpose since, as discussed above, their interactions are clearly
age value of this parameter, for the peptide residues itbleeet  not native like in detail. The only backbone NOE of this type,
region, was approximately 0.2 in both aqueous and aqueous metkhich was well enough resolved in the spectrum dfi4+l? to
anol solutions, which closely matches the value of 0.24 predicteghermit quantitative analysis, was that between thel @rotons of
for typical B-sheet structuresSaulitis & Liepins, 199D This is  Phe4 and Thrl4see Fig. 7. The intensity of this NOE cross peak,
inconsistent with a value intermediate between dhbelix and normalized relative to the intraresidugt&C,H NOE of Gly10,
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Table 2. NOE intensity ratios for protons in U(1-17) and U(1-7)

lanGi,i)/1aNG,i+1) INNGi+0/ e i+1)

Residue Theoretical U(1-179® u@-7n° Theoretical U(1-17b U(1-7°

Metl 0.19 0.19 — — — —
GIn2 — — 0.23 — — —
lle3 0.26 0.18 0.15 — — 0.06
Phe4 0.24 (0.25 0.15 0.04 (0.08 0.08
Val5 0.24 0.20 0.15 — — 0.07
Lys6 — — 0.13 — — 0.07
Thr7 0.20 0.21) — 0.03 0.09 0.06
Leu8 — — — 3.85 0.320.52 0.06
Thr9 — — — — — —
Gly10 — — — — — —
Lys11 — — — — — —
Thrl2 0.18 0.210.18 — 0.02 (0.0 —
lle13 0.20 0.220.20 — 0.02 0.07(0.09 —
Thrl4 — — — 0.02 0.06 —
Leul5 — — — — — —
Glul6 0.11 0.21 — — — —
Vall7 — — — — — —

aValues based on interproton distances derived from crystallographic coordinates of native ubiquitin,
with proton positions generated using the program QUANMlecular Simulations

bData obtained from NOESY spectfmixing time 100 m$ of U(1-17) in H,0:D,0 (9:1) and in
MeOH:H,0 (3:7) (values in parentheses

“Data obtained from a NOESY spectrumixing time 100 m$ of U(1-7) in H,O:D,0 (9:1).

was determined by volume integration in the peptide spectra. Sev-.
eral different mixing times were used to ensure that the results
were not distorted by spin diffusion effects. Using 2.3 A as an 397
estimate of the (H-C,H distance in a 100% structured hairpin,
the apparent fraction of folded peptide, assuming a two-state equi-
librium, was calculated to be around 60%. 4.14
It is clear that there is wide variation in the estimates of the
hairpin population obtained using the various methods described 4.2
and, indeed, for different protons using the same method. This
suggests either that the two-state model, or at least our choice of 4-3
reference states, can only be at best a rather crude approximation
to reality. We therefore sought alternative ways to derive estimates
of limiting values of NMR parameters characteristic of the un- 453 0
folded and folded states.

m

4.6

NMR spectra of U(1-7) and U(11-17) 475 "

a o
Th ~Phe,

The use of published “random coil” NMR parameters, derived 487 ¢
from spectra of short, structureless peptides, as estimates of the i @
values characteristic of the unfolded state ¢147) might not be
appropriate if, for example, there were significant local conforma- 5.0 25 — ‘ | : ‘ ‘ : | 1
tional preferences even in the absence of hairpin formation. Inthis 5.0 4.9 48 47 46 45 44 43 42 41 40 ppm
case, it should be possible to obtain better values by setting up a

more directly relevant experimental model: since both arms of &19- 7. Part of the 200 ms NOESY spectrum 0{1+17 in DO (2°C,

L T 1 mM, pH 3.8, showing the interstrand 8-C,H NOE consistent with a
B-hairpin must, bY definition, be present for t_I)ﬂastru_Cture tq native like B8-hairpin register(see Fig. 1 The intraresidue NOE between
form, then a peptide subfragment corresponding to just a singléhe G,H protons of Gly10, which was used a reference peak for intensity

arm should provide a good model for the corresponding segmentalibration, is also shown.
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of the unfolded state of the full hairpin peptidMaynard et al.,  peptides. The relative intensities of sequential NOEs in the spectra
1998. of the peptide subfragments differ dramatically from the values
The spectra of the two short peptides, each corresponding to orexpected from the random coil model: in bott197) and U(11—
arm of the U1-17) B-hairpin, were assigned. Examination of the 17) the ratiosln(i,i)/l.n(i,i + 1) were found generally to be
NOESY data revealed only sequential and intraresidue NOg$. C close to 0.2 for all residue pairs for which they could be mea-
chemical shifts(Fig. 8 and coupling constant€Table ) were  sured. This value is essentially the same as that determined for the
determined and, as expected, were found to be markedly closer tmorresponding residues in(U-17) and is close to the expected
the model “random coil” values than those measured fd-17), value for an idealizegB-sheet. Similarly, the values of the ratio
confirming that the deviations from these values observed for théyy(i,i + 1)/l.n(i,i + 1) were found to be very similar to those
larger peptide are indeed, at least in good part, a reflection obbtained in the case of @-17) (Table 2.
hairpin formation. It is reasonable to assume that the deviations from random coll
Comparison with the subfragment provides insight into some ofvalues observed for NMR parameters of1d7) and U11-1%
the apparently anomalous features noted f6t-417). For exam-  would be reflected in the spectra of the unfolded state @17,
ple, the upfield GH shift perturbations observed for lle3 and Val5 in the hypothetical absence of hairpin formation. We should there-
appear to violate the usual rule that these protons experience dowfere be able to improve our estimates of fBaairpin population
field shift perturbations in @-sheet structure. It turns out, how- for U(1-17) by adopting these, rather than literature-derived ran-
ever, that both of these protons are even more upfield shifted iom coil values, as estimates for the unfolded state values. It is
U(1-7), so that we can now attribute this effect to a local inter- then immediately clear that population estimates based on sequen-
action, within residues 1-7, in the unfolded state and see that thié&al NOE intensities are not meaningful, since there is virtually no
effect of hairpin formation is, as would have been expected, actueetectable difference in the intensity ratios betweda-+17) and
ally to superimpose on this a modest downfield shift. In the case othe smaller peptides. Thus, the very large values obtained for the
lle3, at least, a similarly unexpected shift is also observed in théairpin population using the original analysis of these data can be
spectrum of native ubiquitin, and it seems likely that in all of thesedismissed as artefactual.
systems these perturbations may be due to the ring current from the The revised apparent hairpin populations derived from the chem-
adjacent Phe4. Qualitatively similar effects of aromatic residues orcal shift andJ-coupling data using this new baseline are summa-
the backbone proton chemical shifts of near neighbors in the sefized in Figure 9A. There is still some variation in the apparent
qguence have, indeed, been noted in the spectra of small, unfoldddhctional populations calculated for different residues, but only
peptides(Merutka et al., 1996
Figure 8 shows that, these few anomalous residues excepted, the
C.H chemical shifts in the short peptides are mostly rather close to

published “random coil” values and that most of the residual dis- 100
crepancies are actually upfield, in the opposite sense to those char- ] A
acteristic of B-structure. The backbon&couplings show rather 80]
more significant deviations from model random coil values and, in
general, these deviations are in the same direction as those ob- 501
served in the spectrum of(W-17), probably reflecting some pref- T ]
erence for the population @f-space even for residues in the small .,_3 40]
20]
o]
M Q I FV K T L TG K T I T L E V
100.
80]
! 1
o 60
- 1
40]
1
204
-0.3 ol
L M Q I FV K T L TG K T | T L E V
-0.4 Fig. 9. Hairpin population estimates for (117 in H,O:D,0 (9:1), ob-
M QI FVKTLTG GKTI TLEWV tained using data from the spectra of147) and U11-17 to model
1 9 17 the unfolded state. In each case the black bars represent values derived
from 3y, data; clear bars are values derived frogHGshifts perturba-
Fig. 8. C,H chemical shift differences: 1-7) and U11-17 from liter- tions. A: Values obtained using native ubiquitin to model the structured

ature random coil valueglear barg U(1-17) from literature random coil ~ state.B: Values obtained using an average over a number of proteins to
values(black barg; U(1-17) from U(1-7) and U11-1% (hatched bans model the structured stateee text
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lle3 now stands out as being grossly out of line with the othersoverall composition of the strands, rather than a network of spe-
The very large population estimates obtained for this residue seemwifically favored interactions between them.

to be related primarily to anomalous native state chemical shifts The NMR data suggest that there is no significant population of
and coupling constants. Otherwise, there is now reasonable agrealternative hairpin structures and the question therefore arises of
ment between the population estimates obtained for different resaow the register of the strands is specified. This contrasts with
idues and between those based on coupling constants and thaseme designed peptides, for which coexistence of populations of
based on ¢H chemical shifts: the average population estimatedhairpins with alternative registers has been obseridsl Alba

for residues within the3-strands(omitting lle3d) are 17 and 18%, et al., 1996, and it is especially interesting in relation to a mod-
respectively, when native ubiquitin is used to provide the foldedified version of U1-17), in which the five residue turn was re-
state baseline. placed with a quite different four residue sequence, which was

Alternative ways to obtain estimates of NMR parameters charfound to form a well-populated hairpin with a five residue turn and
acteristic of the structured state of the hairpin peptide include using register shifted by one resid¢8earle et al., 1995 The latter
theoretical values for an idealized structure or average databasesult is consistent with our conclusion that the strand sequences in
values from a number g8-structures. The rationale for the latter U(1-17) favor B-structure in general but do not afford strong
approach would be that the superimposed effects of specific tempairing preferences. In this case, therefore, it seems likely that it is
tiary interactions would be diluted or, indeed, averaged away. Tdhe turn sequence that has the dominant role in determining the
see whether further improvement in the consistency of populatiomegister. A similar conclusion has been drawn for a number of
estimates might thus be obtained in thelJ17) system, we adopted hairpin peptide systenm{®amirez-Alvarado et al., 1997a; Gellman,
an approach similar to that used by Ramirez-Alvarado ¢18P6), 1998, although in other cases, residue pairing preferences would
in their study of a hairpin formed by a designed peptide, with thecertainly have a strong influence as well.
results shown in Figure 9B. This approach had the desired effect of The G1-bulge that occurs in native ubiquitin has been ob-
removing the extreme outlier, lle3, which had resulted when nativeserved to be especially favoredgrhairpin structures, on the basis
ubiquitin was used to provide the reference values. Otherwisepf statistical evidencéSibanda & Thornton, 1991and of studies
however, the general level of consistency from residue to residuef designed peptide@e Alba et al., 19956 It seems likely, there-
and, more particularly, between the values derived fdesouplings  fore, that it is the formation of this structure that favors the native-
and from chemical shifts is actually less good using this approachike strand register observed in(l-17). This particular turn type
This mainly reflects a general increase in the population estimatekas an overwhelming preference for Gly at the fourth position,
based on chemical shifts, which is not matched in those based owhich is compatible with the sequence Thr-Leu-Thr-Gly-Lys that
coupling constants. occurs in U1-17) in its native-like hairpin conformation, and it
can readily be seen how this preference could force the alternative
register observed when the native turn was replaced with a four
residue sequence that happened to have the requisite Gly in the
fourth position.

The autonomous folding of (1-17) in aqueous solution con-
The NMR data obtained for the (1-17) peptide in aqueous so- firms the conclusion from our earlier study in agueous methanol,
lution demonstrate unequivocally that a native-liBehairpin is  that this part of the ubiquitin structure is strongly encoded in its
present. This is of great interest in relation to protein folding, own sequencé€Cox et al., 1998 Preliminary studies of a peptide
because it reinforces the conclusion that the conformation of thispanning the C-terminal half of the moleculesidues 36-76
part of the ubiquitin molecule is encoded in its own sequencesuggest, by contrast, that native lilgesheet is not significantly
rather than being imposed by the requirements of the overall nativpopulated in aqueous solutidgdP. Mackay, unpubl. resulfsand
structure. Knowledge of this type is invaluable in trying to con- this part of the molecule was observed to form non-native second-
struct a hierarchical understanding of folded protein structures. ary structure in the aqueous methanol denatured §&tekman

The sequences both of the arms of the hairpin and of the turn aret al., 1993. Thus it is plausible to suggest that the N-terminal part
likely to be important factors favoring autonomous folding of the of the molecule, possibly also including thehelix, forms an
hairpin structure. The residues of the two arms include a highautonomously folding platform, which then may play an important
proportion of those which show a pronounced preference forole in dictating the remainder of the fold through tertiary struc-
B-structure: 7 out of 14 ar@-branched residues and one of the tural constraints.
remainder is aromatic, while only Glul6 has a significantly low A number of protein domains have a similar tertiary structure to
B-propensity. On the other hand, the pairing of residues across thebiquitin, which has been described as the ubiquitiig roll “su-
strands does not feature many of the combinations that have begerfold” (Orengo & Thornton, 1993 A particularly interesting
shown to be especially favorable on the basis of statistical analysiexample is the B1 domain of streptococcal protein G, which has
of the structural databag&Vouters & Curmi, 1995; Hutchinson been subject to a similar “dissection” into peptide fragméBtanco
et al., 1998. Thus, despite the prevalence@branched residues, etal., 1994a, 1994b; Blanco & Serrano, 18%emarkably, in this
there is only one cross-strand pair of thevial5-lle13, and these case, the pattern of stability of autonomously folding structural
are a hydrogen bonded pair, which means that the orientation of thelements is quite different from that observed in ubiquitin. The
side chains is not optimal for close interaction, and there is nd\N-terminal hairpin, analogous to (-17), appears to be essen-
statistical evidence for a significantly favored interaction betweertially unfolded in agueous solution, whereas a C-terminal segment
them in such a positioiHutchinson et al., 1998 There are no  forms a well-populategB-hairpin. In ubiquitin an elaboration of
other obvious features, such as disulfide bridges or charge pairghe fold means that there is no direct analogue of this second
that might help to stabilize @-structure. These considerations hairpin but, in any case, the C-terminal portion of the protein
suggest that thg-hairpin is favored predominantly because of the shows no evidence of a tendency to fold in isolation. In the equiv-
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alent domain of a related molecule, protein L, neither hairpin ap-diminished in an isolated strand, perhaps related the fact that res-
pears to have significant ability to fold independently under aqueou&dues are likely to be more geometrically constrainedBesheet
conditions(Ramirez-Alvarado et al., 199YbThus it seems that hydrogen bonding than by the more general steric effects that are
the conserved overall folding topology is not reflected in a com-operative in isolated segments of the structure. For the backbone
mon pattern of local encoding of structure, and it is thus clear thatl-couplings measured for the short peptides, there is an intermedi-
it may be dangerous to try to generalize conclusions about thate situation: these are certainly indicative of substantial confor-
organization of folding from a single protein, even to its immediatemational freedom but, in contrast to the K shifts, there are
structural homologues. nonetheless clear differences from random coil values. This would
suggest that an increased preference for the broad reg@sipéce
has a measurable effect on this parameter, as observed in the short
peptides, but that the additional conformational constraints im-
The peptides (1-7) and U11-17, each corresponding to an posed by hydrogen bonding are needed to produce the larger ef-
isolated arm of the hairpin, were investigated with the aim offects characteristic g8-sheet structure.
providing a model for the behavior of the parent peptid&l+17), In these short peptides, the restricted conformational freedom
in the absence of hairpin formation. Unfolded states are generallye have thus inferred can only reflect the optimization of inter-
supposed to approximate reasonably well to the so called randomactions between residues close by in the sequence. The suggestion
coil model and estimates of NMR parameters characteristic of sucls, therefore, that even in the absence of any interstrand inter-
a state have generally been made from spectra of small, apparentigtions, there can be a substantial effect on the backbone confor-
unstructured peptides. It has been recognized that different residurational distribution as a result of the cooperative effect between
types may have different average conformational properties everesidues of higiB-propensity clustered together in the sequence.
in such a highly disordered state and NMR observables have ther&his is probably analogous to the “nascent helix,” which may
fore now been measured for each of the common amino acidesult when residues of high-propensity are predominant in a
residues in the context of suitable small peptig@&ithrich, 1986;  local sequencéDyson et al., 1992 These effects may be quite
Merutka et al., 1995; Fiebig et al., 1996; Smith et al., )99®iis important in relation to folding equilibria, since in parts of the
now provides a good baseline for assessing deviations from rarsequence such as these the configurational entropy loss on forming
dom behavior in experimental systems. the native structure of a protein will be significantly smaller, and
The NMR data obtained for (1-7) and W11-17% do, in fact, therefore less destabilizing, than would be the case if the full
show considerable deviations from the random coil baseline. Thibackbone conformational freedom predicted by the classical ran-
is most marked for the backbone NOE intensity ratios, whichdom coil model prevailed.
suggest a very high population Bfsheet structure, according to
conventional analysis, even though these short peptides are Clear&},opulation analysis
unable to form such a secondary structure. Several of the backbone
J-couplings are affected in a similar way, though less markedly. OrQuantitative analysis of the degree of folding preserg-imairpin
the other hand, the 1 chemical shifts are actually rather close to peptides is much less straightforward than in the caseloélical
the predicted random coil values and do not hint at any significanstructures, as has been discussed recently by Ramirez-Alvarado
B-sheet population. Rather similar behavior has been noted in aet al. (19973. In the present study, we have adopted a simplified
analogous study of a designed, autonomously folg#Agairpin, model, which assumes that the equilibrium can be described in
suggesting that this is likely to be a general feature of sequencegrms of just two well-defined states. It was not possible to obtain
with this type of structural propensiyMaynard et al., 1998 spectra of either of these states in isolation, since the equilibrium
There is a rather marked difference between the NOE intensitgannot easily be shifted fully in either direction, thus making it
ratios we observe for (1-7) and U(11-17 and those that have necessary to estimate baseline values for NMR parameters in the
been reported in a number of other small, unstructured peptidegutative unfolded and folded states of the peptide.
suggesting that there is a real qualitative difference in the sampling Using our initial choice of models for these limiting states—
of conformational space by these stronglyavoring peptide seg- native ubiquitin to model the folded state and literature “random
ments of ubiquitin. It seems likely that in both peptide subfrag-coil” NMR parameters to describe the unfolded state—we were
ments there are significant constraints on the sampling of backbonenable to arrive at any consensus as to the actual population of
conformations, so that residues may be confined t@thegion of  hairpin structure by (1-17): values obtained using different res-
conformational space for a greater proportion of the time thandues as probes varied widely along the sequence and estimates
would be expected in such a small, unstructured peptide. In thavased on different NMR parameters were strikingly different. This
case, the relative insensitivity of other NMR observables to thevariation could not be explained on the basis of any simple struc-
nonrandom conformational distribution would have to be inter-tural model such as strand fraying, suggesting either that our choice
preted in terms of their sensitivity to different aspectgeftructure.  of reference states or the two-state model itself might be inade-
The lack of any significant effect on the,B shifts in the spectra  quate to describe the conformational equilibrium.
of U(1-7) and U1-17) suggests, as Maynard et 81998 have Use of the short peptides (-7) and W11-17 as a model
pointed out, that the downfield shifts characteristically observedrevealed, as we have seen, that at least some of the NMR param-
for protons inB-structure result largely from proximity to the eters characteristic of the unfolded state are not well predicted by
carbonyl groups of the opposite, hydrogen bonded strand, rathditerature “random coil” values. Most dramatically, the backbone
than those adjacent in the sequence. However, since downfieldOE intensity ratios, which had given the largest population esti-
shifts, albeit somewhat smaller, are observed also fot frotons  mates in the original analysis of the(1>-17) data, were found to
directed outward from the hairpin structure, there may well be arbe virtually identical for the short peptides and fof1417) and
additional effect operative in a bona figgstructure, which is  could therefore be dismissed as useless for the estimating hairpin

Conformational properties of isolated strands
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population. A new unfolded state baseline based on these peptide described in terms of a single conformation. In a native protein
subfragments did lead to a significant improvement in the level ofstructure, the conformation of a particular peptide segment is fre-
agreement between population estimates based on chemical shifisently tightly defined because the close packing against other
and coupling constants: neglecting a solitary outlier, the paramparts of the structure limit the scope for large amplitude fluctua-
eters measured suggest a population of the hairpin in the region dibns. There are obviously exceptions—poorly defined loops and
20% (Fig. 9A). There remains at least one obvious anomaly and derminal segments are common—but in most instances it does
degree of variation from residue to residue, however. mean that the concept of a single “average structure” is adequate
The residual scatter in the population estimates presumably refor interpretation of most experimental data. However, it is less
flects, at least in part, the problems in finding a good model for theclear that this will be the case for a small peptide fragment, where
folded state of the hairpin. Our initial model implicitly assumed the number of constraints cooperating to define its conformation
that the fully folded W1-17) peptide has the same conformation as will necessarily be much smaller. For example, in a somewhat
the corresponding residues in the full length ubiquitin protein. Inanalogous antibiotitpeptide binding system, a clear dependence
reality, of course, there is lot of scope for conformational adjust-of the limiting values of NMR parameters on the number of in-
ments inB-structure and the average hairpin conformation and theeractions constraining the bound state was demonsti@le
effects of dynamic averaging could be quite different when notliams et al., 199Y. Thus, the two-state model may not be adequate
constrained by tertiary interactions with the remainder of the proto account for the data, whatever structure is assumed for the
tein, so that this is almost certainly not a safe assumption. An alfolded state. Instead the NMR parameters measured may need to
ternative approach, using average native state parameters derivbd understood as averages over a broad distribution of conforma-
from a number of3-hairpins in various proteins led to many dif- tions in rapid equilibrium with one another. Since all measurable
ferences of detail in the estimated populations, including suppresparameters will vary in different ways as a result of conformational
sion of the most prominent outlier in the distribution, but the overallfluctuations, it would not be surprising that any attempt to force the
level of agreement between estimates based-oauplings and  data to fit to a simple two-state model would produce inconsistent
C.H chemical shifts was not improved by this approéEly. 9B). results. The evidence of the analysis we have carried out here, once
A third option would be to attempt to find conditions under the improved model for the unfolded state is incorporated, is that
which the folded state of the (I-17) peptide is fully populated this may not be an unmanageably great problem, since there was
and use NMR variables determined under these conditions to pra reasonable degree of agreement between population estimates
vide a baseline for the fully structured peptidg14J17) in metha-  based on different parameters. However, it remains to be seen
nol:water mixtures appears to be more fully structured than it is inwhether a more detailed understanding of the conformational prop-
water alone, and one possibility might therefore have been to vieverties of hairpins such as this is attainable within the constraints of
the effect of the cosolvent as simply increasing the population ofs model that assumes a single, static structure for the hairpin.
the hairpin structure, rather than altering the structure itself, and
thus to use NMR parameters measured for the peptide in the mixed
solvent as estimates for the limiting values. In practice, howeverMaterials and methods
this approach was not feasible because experiments revealed that
at the volume composition used in this woi&7 CD;OD:H,0) Peptide synthesis and purification

neither the backbone chemical shifts nor coupling constants had

yet reached plateau values and, in the presence of the greatefPtides were synthesized using the continuous flow Fmoc-
proportion of alcohol that would presumably be needed to forcePClyamide method and purified by RP-HPLC, as described for
the equilibrium fully over in favor of the structured state, the related peptidesCox et al., 1998 The peptide denoted (&-17,

peptide was found to aggregate strongly. Moreover, the balance aorresponding to the fjrst 17 residugs of ubiquitin, was synthesized
forces driving folding will be quite different in aqueous solution 25 the C-terminal amide; the peptide denoted1+17 was pro-
and in a mixed aqueous:organic phase, with the consequence tthFted as the amide at both the N and C-termini while the peF’“de
the details of the average structure of the folded state of the peptidlé(l_n_ was r_10t protegted. The fl_n_al products were characterized
may also be significantly altered. There is some evidence to sup?Y @Mino acid analysis and positive ion electrospray mass spec-
port this in comparing the spectra of(1-17) obtained under the trometry. Intact ubiquitin was purchased frg_m F_IL(IBauchs, Swit-
different solvent conditions. This approach was therefore not pur_zerlanc) and was used without further purification.

sued further.

The other type of structurally sensitive parameter that we in-
vestigated was an interstrand NOE between twdd Qorotons.
Comparing the intensity of this strong and clearly resolved NOE*H NMR spectra of W1-17) in aqueous solution at pH 3.8 and low
with what would be expected from either an idealizztairpin or  temperatures were characterized by sharp resonances and were not
from the hairpin as it is in the native ubiquitin structure suggestedobserved to change significantly between 0 afi@.7As the tem-
folded state populations in the region of 60%. These values arperature was raised further, however, a degree of broadening be-
clearly much greater than the other estimates and might, agaitame apparent. This effect was entirely reversible and was found
suggest a problem with the native state model. However, the majdo be concentration dependent. It may be attributed to limited
problem with NOE intensities is the ® distance dependence of self-association of the peptide, which appears to be minimized at
the interaction, which leads to considerable uncertainty in the poplow temperature. Over the concentration range 0.1 to 3.0 mM,
ulation (Ramirez-Alvarado et al., 199YbTherefore we cannot there was no significant variation in linewidths or, more impor-
draw any strong conclusions from this apparent anomaly. tantly, in chemical shifts, even of protons whose resonances were

A significant underlying limitation of the two-state analysis is later shown to be highly sensitive to secondary structure formation,
likely to be the assumption that the structured state can adequateily spectra recorded at°€. All further studies were, therefore,

Peptide aggregation
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pursued at low temperatur@°C), where we could confidently coil chemical shift values used were those given by Bundi and
interpret the spectra in terms of monomeric peptide structures. Withrich (1979.

The apparent fractional populations of folded peptide based on
the coupling constants values for each residue was obtained using
the equationfroig = AJpng p/ATkne rer; WhereAZyy, , represents
Samples for NMR spectroscopy were prepared by dissolving théhe deviation of the experimental coupling constant for the peptide
peptide or full length protein in unbuffered 9:1,8:D,0 or D,O. from the value predicted for a random coil afdlyy., ref represents
For aqueous methanolic solutions, the samples were first dissolvetthe corresponding deviation from random coil for a fully-folded
in the appropriate volume of ¥ or D,O and then CBOD was reference statéNaltho et al., 1993; Ramirez-Alvarado et al., 1996
added in the appropriate proportion. Solution pH values were mea- Values of the ratio of backbone NOE intensitiggy(i,i + 1)/
sured using a Corning 240 pH electrode and were adjusted bi,n(i,i + 1) were also used to calculafgy, according to the
adding aliquots of BO solution of NaOD or DCI to a final pH of equation(Bradley et al., 1990
3.8 (uncorrected for isotope and solvent effectsl spectra were
referenced to the singlet resonance of internal diof&n4 ppm Al (i + D/ln(ioi + 1]
relative to TSP. Spectra were recorded on Bruker DRX 500 and = N P
Varian Unity 600 spectrometers. Al (i + /1w (i 4 D] rer

For one-dimensional experiments, 32k data points were col-
lected, while two-dimensional spectra were defined by 2k or 4k The random coil value of the ratio was taken to be (Fibig
complex data points in f2 and 512 or 1k real points in f1. Thegt a1, 1996 while values for the folded state were estimated from
spectra were acquired in phase-sensitive mode using time propojhe native ubiquitin crystal structure.
tional phase incrementati¢gMarion & Wiithrich, 1983 to achieve As an alternative approach to estimating the values of NMR
quadrature detection in f1. Spectral widths were 10 ppm forparameters characteristic of the hairpin structure, average values of
U(1-17 and 12 ppm for the native protein. NOESYeener etal.,  packhone coupling constants and chemical shift perturbations de-
1979, TOCSY (Braunschweiler & Emst, 19§3and DQF-COSY  rjved from a number of folded proteins were computed. For the
(Piantini et al., 198Pspectra were collected. For the peptide sam-coypling constant$ly,, these were calculated from values
ples, relatively long mixing NOESY times were generally usedmeasured from the crystallographic coordinates of3dairpins
(tm =300 m3 to allow build up of medium- and long-range NOES, containing G18-bulges(Sibanda & Thornton, 1991The average
although spectra with shorter mixing time, = 100, 200 m$ ¢ H shift deviation from the random coil position was taken to be

were also recorded to avoid misinterpretation as a result of spigy 358 ppm for protons i-structure(Williamson, 1990.
diffusion. NOESY mixing times for the native protein spectra were

50, 80, and 120 ms. Suppression of intense solvent resonances was
achieved by presaturation or use of the WATERGATE sequenc&ypplementary material for Electronic Appendix
(Piotto et al., 1992 Data were processed on a Silicon Graphics )
Indy workstation using XWINNMR softwaréBruker, Karlsrune, ~ Tables of the completéH NMR assignment of @-17, U(1-D,
Germany; shifted squared sinebell window weighting functions Y(11-17 in aqueous and aqueous methanolic solution are avail-
(phase shift of7/2 to 7/6) were generally used in both dimen- abPle as supplementary material.
sions. Baseline corrections were applied to the processed spectra in
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