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Abstract

The solution conformation of three peptides corresponding to the two B-hairpins and the a-helix of the protein L Bl
domain have been analyzed by circular dichroism (CD) and nuclear magnetic resonance spectroscopy (NMR). In
aqueous solution, the three peptides show low populations of native and non-native locally folded structures, but no
well-defined hairpin or helix structures are formed. In 30% aqueous trifluoroethanol (TFE), the peptide corresponding
to the a-helix adopts a high populated helical conformation three residues longer than in the protein. The hairpin
peptides aggregate in TFE, and no significant conformational change occurs in the NMR observable fraction of
molecules. These results indicate that the helical peptide has a significant intrinsic tendency to adopt its native structure
and that the hairpin sequences seem to be selected as non-helical. This suggests that these sequences favor the structure
finally attained in the protein, but the contribution of the local interactions alone is not enough to drive the formation
of a detectable population of native secondary structures. This pattern of secondary structure tendencies is different to
those observed in two structurally related proteins: ubiquitin and the protein G B1 domain. The only common feature
is a certain propensity of the helical segments to form the native structure. These results indicate that for a protein to
fold, there is no need for large native-like secondary structure propensities, although a minimum tendency to avoid

non-native structures and to favor native ones could be required.
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Experimental and theoretical analysis of protein folding suggest
that there is an energy gap between the native and the other pos-
sible conformations of a protein (Anfinsen, 1973; Bryngelson
et al., 1995), and that this is a necessary and sufficient condition
for folding (Sali et al., 1994). The occurrence of this gap requires
the set of interactions to be stronger in the native structure than in
any of the possible non-native conformations. There are two types
of interactions: local, which occur between amino acids close in
the primary sequence, and non-local (Dill, 1990). Local inter-
actions participate to define secondary structure, while non-local
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interactions are involved in defining the tertiary structure. A very
important question refers to the roles of local and non-local inter-
actions in protein folding and stability. An indirect way to attain
some information relevant to this point comes from the conforma-
tional analysis of protein fragments. Short fragments of proteins
allow the study of local interactions isolated from protein context
(Dyson & Wright, 1993) and therefore indicate the importance of
these interactions in determining protein secondary structure ele-
ments. If local interactions are important in protein folding and
stability, it should be expected that isolated secondary structure
elements will tend to populate native-like structures in the absence
of tertiary contacts.

A large number of examples exist on helical protein fragments
that are able to adopt a significant population of the native a-helix
structure in water. The best example is the 13-residue C-peptide of
ribonuclease A that forms up to 25% of the native helical structure
in water (Brown & Klee, 1971). This case is, however, far from
being general, since normally, native helices have marginal stabil-
ity in short protein fragments (Jiménez et al., 1987, 1993; Dyson
et al., 1988, 1992a; Segawa et al, 1991; Muiioz et al., 1995a,
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1995b), although higher populations are found in peptides with
protected chain termini (Kuroda, 1993; Waltho et al., 1993). Sim-
ilar results are reported for B-turns (Blanco et al. 1991; Sénnichsen
et al., 1992; Shin et al., 1993), although a pentapeptide from a long
a-helix of influenza virus hemagglutinin shows a 40% population
of a type II B-turn structure (Dyson et al., 1988). Hairpin structures
have been characterized in modified protein fragments (Blanco
et al., 1993; de Alba et al., 1995; Searle et al, 1995) or de novo
designed peptides (de Alba et al., 1996; Ramirez-Alvarado et al.,
1996), but protein fragments corresponding to B-hairpin structures
have usually been found to be unstructured or aggregating (Dyson
et al., 1992b; Viguera et al., 1996). A single and remarkable ex-
ception is the 16-residue fragment at the C-terminus of protein G
immunoglobulin G (IgG) binding B1 domain. This fragment adopts
the native hairpin structure with a population of 40% in water
solution (Blanco et al., 1994a).

Comparison of the pattern of conformational tendencies along
the sequence is another way to investigate the role of local inter-
actions in protein folding and stability. In principle, if proteins with
the same structure fold in a similar way and a particular secondary
structure element is stable, then part of this folding nucleus on
which the rest of the protein condenses would be conserved (Fer-
sht, 1995) and this element should be expected to be stable in all
these proteins. Alternatively, if structurally related proteins fold in
different ways, they should not have a common pattern. A com-
parison of the helical propensities has been done with the isolated
peptides spanning the helices of three structurally similar a/8 par-
allel proteins with no evolutionary relationship (Mufioz et al., 1995a),
as well as with two members of two evolutionary related families
(Mufioz et al., 1995b). These studies found that specific a-helical
propensity profiles are not conserved, indicating that a conserved
secondary structure tendency is not required to determine their
final three-dimensional structure. A similar comparison for a set of

Protein L B1 domain

Protein G B1 domain
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proteins with B-sheet structure that can be split into isolated
B-hairpins is of interest.

The Protein G B1 domain contains two S-hairpins connected by
an a-helix (Gronenborn et al., 1991). As shown in Figure 1, two
other small proteins/domains that possess essentially the same fold
have been found: ubiquitin (Vijay-Kumar et al., 1987), with a long
insertion between the third and the fourth B-strands and 12% se-
quence identity with protein G (Kraulis, 1991a), and the immu-
noglobulin light chain-binding B1 domain of protein L from
Peptostreptococcus magnus (Wikstrom et al., 1994). Other protein
domains show structural similarities, but they have different con-
nectivities between their secondary structure elements (Sauer-
Eriksson et al., 1995), so they represent other fold types. Protein G
and Protein L B1 domains have essentially the same structure in
spite of a very low sequence identity (16%) and their different
binding properties (they bind to different regions of 1gG, although
their binding surfaces are similar; Wikstrom et al., 1995).

Experimental analysis of the protein G B1 domain and ubiquitin
fragments spanning their secondary structure elements indicate
that the patterns of secondary structure propensities in these se-
quences have several features in common. The peptides corre-
sponding to their a-helices adopt a native helical structure in alcohol/
water mixtures, but in protein G the first hairpin adopts a high
population of native structure in water, while in ubiquitin is the
second hairpin, which shows an intrinsic tendency to form a native
hairpin structure, although only in 60% methanol (Cox et al., 1993;
Blanco & Serrano, 1995). The B1 domain of protein L constitutes
an interesting target to characterize its secondary structure propen-
sities when compared with the reported results of ubiquitin and
protein G B1 domain. In this work we have addressed this point by
analyzing the conformational properties of the peptides correspond-
ing to all the secondary structure elements of the protein L Bl
domain in different solvent conditions by CD and NMR.

Ubiquitin

Fig. 1. Ribbon structure diagrams of the three proteins with the same fold. Protein L B1 domain (protein data bank entry 2ptl), protein
G B1 domain (2gb1) and ubiquitin (lubq) are at the left, middle and right position, respectively. The plots were generated with the

program MOLSCRIPT (Kraulis, 1991b).
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Results

Protein L Bl (95-115) fragment

This peptide was not soluble at pH 6.0 and it was finally studied
at pH = 4.1 where it appeared to be monomeric, since the CD
spectra at 500 and 10 uM were almost identical and neither chem-
ical shifts nor line width changes were observed in 1D NMR
spectra between 100 and 650 uM (data not shown). The far ultra-
violet CD spectrum (Fig. 2A) was close to the one typical of a
random coil conformation but with a minimum slightly red shifted
(198 nm). The negative ellipticity observed at around 218 nm in
aqueous solution was close to zero in 6 M urea, indicating the
presence of a small population of non-random structures in pure
water. A conformational change to a more ordered structure was
induced in the presence of 30% trifluoroethanol. The maximum at
190 nm and a minimum at 208 nm together with a broad minimum
at 219 nm suggested the presence of a mixture of helix and/or
(-sheet in equilibrium with random coil conformations. The CD
spectrum in TFE did not significantly changed from 350 to 12 uM
peptide concentration.

A summary of the NMR analysis of this peptide is in Figure 2B
and C, and the assignment of the 'H resonances is in Table 1.
Strong sequential d,n(i, i + 1) and weak dyy(i, i + 1) NOEs were
observed at most positions along the peptide sequence, and the
conformational shifts of the C, protons are small, both patterns
being typical of mainly random coil peptides. However, three non-
sequential NOEs showed the presence of locally folded conforma-
tions. A d,n(i, i + 2) observed between N105 and S107 indicated
the formation of a turn-like structure in the central region of the
peptide. Two other (i, i + 2) NOEs were observed between the side
chains of A111 and F113 and between L101 and F103 (Fig. 3A).
The intensity of these NOES was very weak so the population of
the local structures around these residues is very low. In the pres-
ence of 6 M urea the three non-sequential NOEs were not ob-
served. Another non-random local structure was detected at the
C-terminal end of the peptide by the upfield shift of the amide
protein chemical shift of G115 (7.84 ppm) with respect to the
random coil value (8.66 ppm), and its low temperature coefficient
(—3.4 ppb as compared with —7.0 in the pentapeptide GGGGG,
Merutka et al., 1995). These values are nearly the same in 6 M urea
(7.86 ppm, —2.6 ppb/K). These non-random values could be due
to an interaction between the aromatic side chain of Phe 113 and
the amide proton of G115, as previously described in other pep-
tides (Kemmink et al., 1993; Kemmink & Creighton, 1995a).

In the presence of 30% TFE, the signals were much broader than
in water. This could be due to a major conformational change to a
more compact and rigid structure or chemical exchange between
random and folded structures, as suggested by the CD spectrum.
However, the chemical shifts of most of the signals were very
similar (Fig. 2B). The broad lines were likely due to an oligomer-
ization equilibrium that rendered the high molecular weight ag-
gregates not observable and the low molecular weight species
(including the monomeric ones) with broad signals, which further
sharpened by increasing the temperature. In these conditions, the
interpretation of NOE data cannot be conclusive, as these could be
transferred NOEs coming from the aggregated molecules (Dyson
& Wright, 1991). From the chemical shift data, we can conclude
that TFE is not producing any major conformational change in the
monomeric peptide. In the aggregated species some secondary
structure is induced by TFE, as measured in the CD spectrum. The
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Fig. 2. Protein L Bl domain 95-115 fragment. A: CD spectra in water
(circles), urea (triangles), and 30% aqueous TFE (squares). B: Plot of the
conformational shifts of C, protons in water (circles) and 30% TFE (squares).
C: Pattern of the NOEs observed in NOESY and ROESY spectra in water.
NOE:s involving side-chain protons are grouped as dsch. The asterisks
indicate NOEs that could not be observed, if present, due to resonance
overlapping. All data were obtained at pH = 4.1, 278 K.

chemical shift and the temperature coefficient of the G115 amide
proton is almost the same as in water; hence, the interaction be-
tween F113—G115 seems to be present to the same extent in any of
the three conditions.
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Table 1. Proton chemical shifts (in ppm) and amide signal temperature coefficients (A8/AT, in ppb/K)
of protein L Bl domain (95-115) fragment?
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Residue NH CaH CBH CyH CéH Others AS/AT
Val 95 —_ 3.89 2.22 1.02 —
— (3.91) (2.28) (1.08) —
Thr 96 8.83 442 4.08 1.21 -1.7
(8.61) (4.52) (4.22) (1.28) (—5.8)
1le 97 8.68 4.16 1.85 1.20, 1.49 0.86 CyH; 0.86 -99
(8.48) (4.25) (1.92) (1.52) (0.96) (0.96) (—9.5)
Lys 98 8.61 4.28 1.82 1.43, 1.45 1.69 CeH 3.00 -8.9
(8.24) (4.31) (1.91) (1.52) (1.80) (3.04) (-7.1)
NeH 7.62
(7.72)
Ala 99 8.52 4.26 1.38 -7.4
(8.24) (4.28) (1.50) (—6.8)
Asn 100 8.57 4.65 2.74, 2.81 NyH 7.70, 7.00 -1.7
(8.26) (4.63) (2.88) (7.58, 6.83) (=3.7)
Leu 101 8.29 4.32 1.61 1.46 0.94, 0.85 —8.6
(8.01) (4.30) (1.7, 1.8) (1.58) (0.96) (—5.9)
Ile 102 8.09 4.09 1.82 1.38, 1.12 0.78 CyH; 0.82 -1.7
(7.86) (3.96) (1.80) (1.50, 1.12) (0.76) (0.80) (-=7.7)
Phe 103 8.48 4.65 2.96, 3.14 7.24 CeH 7.33 -9.9
(8.11) (4.60) (3.10, 3.26) (7.30) (na.) (—10.2)
C{H 7.23
(n.a.)
Ala 104 8.47 4.29 1.38 -7.7
(8.24) (4.28) (1.50) (-9.3)
Asn 105 8.52 4.65 2.84 NyH 7.75, 7.04 -6.1
(8.34) (4.68) (2.90) (7.72, 6.93) (-7.1)
Gly 106 8.52 4.00 -6.8
(8.49) (4.00) (-=7.1)
Ser 107 8.32 4.54 3.91 -5.5
(8.30) (4.48) (3.91, 4.00) (5.5)
Thr 108 8.38 4.36 4.26 1.21 -7.4
(8.20) (4.38) 4.32) (1.26) (—4.9)
Gin 109 8.51 442 1.98, 1.21 2.34 NeH 7.60, 6.93 —-5.8
(8.38) 4.32) (2.10, 2.20) (2.40) (7.52, 6.83) (—4.9)
Thr 110 8.32 430 4.25 1.24 ~7.7
(8.12) (4.35) (4.31) (1.30) (-5.9)
Ala 111 8.50 4.28 1.38 —8.6
(8.26) (4.28) (1.46) (-10.2)
Glu 112 8.38 4.26 1.94 2.26, 2.36 -7.4
(8.22) (4.26) (2.02) (2.32,241) (—6.5)
Phe 113 8.40 4.61 3.10 7.27 CeH 7.34 (—8.3)
(8.14) (4.64) (3.15, 3.22) (7.32) (n.a.) (-7.1)
C{H 7.32
(n.a.)
Lys 114 8.47 4.26 1.82 1.38 1.66 CeH 2.98 —8.3
(8.26) (4.36) (1.80, 1.90) (1.48, 1.52) (1.74) (3.04) (—6.8)
NeH 7.62
(7.72)
Gly 115 7.84 3.82 —-34
(7.73) (3.88) (~3.4)
NH, 7.22,7.54
(7.15, 7.47)

*Chemical shifts are referenced to TSP. Conditions: 278 K, pH = 4.12, H,0 10% *H,0 (by vol.) or H,0 30% perdeuterated TFE

(in parentheses). An em dash indicates protons that exchange with solvent too fast to be observed. n.a. means not assigned.
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Fig. 3. Regions of 500 MHz ROSESY spectra of protein L B1 domain (95-115) and (136-155D) fragments. A: ROESY region
corresponding to 95-115 fragment; B: ROESY region corresponding to 136-155D fragment. Nonsequential NOES are boxed.

Protein L Bl (114-138) fragment

This peptide was insoluble at pH above 3.0. At this pH, high
concentration peptide samples could be prepared (S mM) but the
broad line widths of the NMR signals clearly indicated that the
peptide was aggregating. At pH = 2.4 and 500 uM peptide con-
centration, the line widths were sharper, although still a bit broader
than in a fivefold diluted sample at the same pH. This meant that
aggregation was still taking place, although it was less severe.
These conditions were finally selected for the NMR experiments.
The CD spectra in water and TFE at pH = 2.4 were concentration
independent over the range 60012 uM, although the peptide slightly
aggregated in water at 500 uM, as seen by the NMR signal line
widths, which are a more sensible indicator of self-association than
changes in the CD bands. The far-ultraviolet CD spectra of this
peptide are shown in Figure 4A. In aqueous solution, the spectrum
had a minimum of 196, typical from random coil conformations.
There was, however, negative ellipticity at 222 nm that became
positive in the presence of 6 M urea. The possible helical popu-
lation calculated from this value with the method of Chen et al.
(1974) is ~4%. The CD spectrum in 30% trifluoroethanol was a
typical mixture of a-helix and random coil. The helical population
calculated by the method of Chen et al. (1974) from the ellipticity
at 222 nm is 42%.

The NMR assignment for this peptide is given in Table 2. The
pattern of sequential and intraresidue NOEs between backbone
protons indicated that the peptide was mainly a random coil in
water, although a few weak non-sequential NOES were also found
in the NOESY spectrum (data not shown). However, the peptide
aggregation and the absence of these NOEs in the ROESY spec-
trum preclude any definitive conclusion about the conformational
state of the peptide in the monomeric state. In addition, the con-
formational shifts profile could be more distorted than usual by the
presence of the aromatic side chains of the two tyrosines at posi-

tions 125 and 127. In fact in the presence of 6 M urea, the chemical
shifts of this region barely changed, suggesting that the negative
conformational shifts were mainly due to the aromatic rings.

In 30% TFE, several d,n(i, i + 3) and d,g(i, i + 3) appeared in
the region T116 to D134 (Fig. 4C), and together with the confor-
mational shifts of C, protons (negative from T116 to K132;
Fig. 4B), indicated the presence of an a-helical conformation span-
ning these residues. The data clearly indicated that the helix is
more populated from A124 to D134, as the values of the confor-
mational shifts were more negative (Williamson, 1990).

Protein L Bl(136-155D) fragment

The peptide corresponding to the second SB-hairpin of protein L
was rather insoluble at acidic pH values. Solubility was high at
pH = 6.1 and both CD and 1D NMR spectra were concentration
independent at this pH. This peptide was conformationally very
similar to the one corresponding to the first 8-hairpin. The far-
ultraviolet CD spectrum in water is close to the one typical of a
random coil conformation with a minimum at 196 nm (Fig. 5A).
The addition of urea resulted in a small change of the spectrum
shifting the negative ellipticity around 220 nm toward zero or
positive values. In the presence of 30% trifluoroethanol, the spec-
trum has a small maximum at 190 nm and a minimum around
204 nm. The shape of this spectrum changed with the sample
concentration, being the ellipticity around 214 nm less negative in
the diluted sample (Fig. 5A). This result indicates that the peptide
adopts a folded conformation in TFE (possibly in a 8-sheet struc-
ture), but in an oligomeric state. At low concentrations the popu-
lation of random coil conformations increased, probably due to the
increase of the proportion of monomers that remained basically
unfolded.

The NMR analysis in water showed a pattern of backbone in-
traresidue, sequential NOEs, and a conformational shifts profile
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Protein L 114-138 sequence
C 114 120 128 130 135
30% TFE KGTFEKATSEAYAYADTLKKDNGEY
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Fig. 4. Protein L Bl domain 114-13B fragment. A;: CD spectra in water
(circles), urea (triangles), and 30% aqueous TFE (squares). B: Plot of
the conformational shifts of C, protons in water (circles), 30% TFE
{squares). C: Pattern of the NOEs connectivities measured in NOESY
spectrum in 30% TFE. NOEs involving side-chain protons other than
CgH are grouped as dsch. The asterisks indicate NOEs that could not be
observed, if present, due to resonance overlapping. All data were ob-
tained at pH = 2.4, 278 K.

typical of mainly random coil peptides (Fig. 5B, C). Several
weak non-sequential NOEs were indicative of the presence of a
low population of locally folded structures. Two NOEs between
K145 and Y147, including a don(i, i + 2) NOE, indicates the
existence of a turn-like conformation in this region, the same
where the native turn exists. Other observed NOEs involving the
side chains of residues V142-D144, 1151-F153, and A154-
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Protein L. 136-155D sequence
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Fig. 5. Protein L Bl domain 136-155D fragment. A: CD spectra in water
(circles), urea (triangles), and 30% aqueous TFE (squares). B: Plot of the
conformational shifts of C, protons in water (circles), 30% TFE (squares).
C: Pattern of the NOEs observed in NOESY and ROESY spectra in water.
NOEs involving side-chain protons are grouped as dsch. The asterisks
indicates NOEs that could not be observed if present due to resonance
overlapping. All data obtained at pH = 6.1, 278 K except the chemical
shifts in 30% TFE, measured at 295 K.

D156 also suggested that some preferred conformations that were
more extended than the average in the random coil could be
present in these regions. The chemical shift of the amide proton
of G155 (7.86 ppm) is upfield shifted with respect to the ran-
dom coil value and its temperature coefficient is also lower (—1.7
ppb/K). This suggests the presence of an interaction between
F153 and G155 similar to the one found in the C-terminal end
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of the 95-115 fragment. The NOE between the side chain of
F153 and the C,H of G155 supports this conclusion. This inter-
action is destabilized but still present in 6 M urea since the
chemical shift and the temperature coefficient of G155
(7.90 ppm and —3.1 ppb/K, respectively) remained far away
from random coil values. The non-sequential NOEs found in
water were not present in 6 M urea.

Addition of 30% TFE at 278 K produced a severe line broad-
ening, but no apparent peptide precipitation occurred. Two-
dimensional spectra were devoid of crosspeaks and only a weak
diagonal appeared. We performed several 1D spectra at different
TFE concentrations (0, 5, 10, 12.5, 20, and 25% by vol.). Only the
chemical shifts of exchangeable protons moved during the titra-
tion, others remaining almost invariant. The signals got slightly
broadened up to a 20% TFE concentration and then at 25% a large
increase in the line widths occurred, similar to that at 30% TFE.
These results indicated that the structure of the peptide was not
significantly changing, but an aggregation process appeared at
high TFE concentrations. TOCSY spectra were successfully re-
corded in 30% TFE at 295 K. A NOESY spectrum was still not
useful, but as the chemical shifts of C, protons were in general
very similar to those in water (Table 3), the assignment could be
done with the help of a TOCSY spectrum recorded in water at the
same temperature and another TOCSY spectrum in 30% TFE at
310 K.

Intrinsic secondary structure propensity prediction

Figure 6 shows the predicted helical and extended behavior of
the three fragments of protein L B1 domain. For the first hair-
pin, a mixed tendency to be helical and extended was found all
along the sequence except for the turn region. Both tendencies
were not very marked, with the exception of the first four res-
idues in which the propensity of being extended is high. How-
ever, the tendency for helix formation was always lower than
the tendency for B-strand. For the protein L 114-138 fragment a
mixed secondary structure propensity was also predicted, with
an irregular distribution in the B-strand tendency. In this peptide,
however, the tendency for the adoption of a helical structure
was larger than the B-strand tendency, in the region 122-134.
For the first eight residues the B-strand tendency predominated
and the helical tendency was low. The third peptide showed a
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negligible propensity for the helical structure and a large ten-
dency to be extended for the residues that form the two strands
in the hairpin of protein L.

Discussion

Conformation of the isolated protein L fragments

The protein L fragments corresponding to the two S-hairpins have
similar conformational properties. Locally folded preferred struc-
tures are detected in water solution both by CD and NMR, al-
though their population is very low. There are both native and
non-native local interactions. Both peptides show a preference for
turn conformations at their central regions, the same where the
native turns connecting the antiparallel 3-sheet strands exist in the
protein structure. NOEs of the type d.n(i, i + 2) are found at
residues N105-S107 and K145-Y147. In protein L residues F103—
S107 form a five residue turn and residues D144-Y 147 form a
type I’ B-turn. In the second SB-hairpin peptide an additional NOE
is observed between K145 and Y147 side chains that are also close
in the protein L. B! domain structure. It seems that the tendency of
the chain to bend at these points is determined by the local inter-
actions as it is maintained in the isolated peptides. Other preferred
local conformations involve i, i + 2 interactions between apolar
and aromatic residues. This kind of interaction is relatively fre-
quent in peptides corresponding to protein B-strands (Dyson et al.,
1992b; Kemmink & Creighton, 1993) and could indicate the pref-
erence for more extended conformations than the average in the
random coil. In the protein L structure, the residue pairs L101-
F103, A111-F113, and 1151-F153 are in close contact, pointing to
the same side of the B-sheet. These interactions are detected in the
peptides in water, and then could contribute to the final formation
of the B-sheet in the whole protein. The interaction between V142
and D147 side chains is not present in the protein L. At the
C-terminal end of both peptides another local folded conformation
is manifested by the anomalous values of the amide proton chem-
ical shifts and temperature coefficients of the amide protons of
G115 and G155, respectively. This is due to an interaction of the
amide protons of the glycines with the aromatic side chains of
F113 and F154. This type of interaction occurs in peptides with the
sequence X-Z-G, where X is an aromatic residue, Z is any amino
acid except proline and G is glycine, and has been analyzed in
detail in peptides derived from a fragment of bovine pancreatic
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Fig. 6. Secondary structure prediction for Protein L B1 domain fragments. The percentage of a-helix (closed circles) or -strand (open
circles) per residue, calculated with the programs AGADIR and AMPURIA are plotted versus the peptide’s sequence for protein L
95-115 (left), protein L 114-137 (middle), and protein L 136-155D (right) fragments.
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Table 2. Proton chemical shifts (in ppm) and amide signal temperature coefficients (AS8/AT, in ppb/K)
of protein L Bl domain (114-137) fragment®

169

Residue NH CaH CBH CyH C3H Others AS8/AT
Lys 114 — 4.08 1.74, 1.78 1.38 1.74 CeH 3.03 —
(—) (4.12) (2.00) (1.52) (1.76) (3.05) (—)
NeH 7.66
(7.70)
Gly 115 8.90 4.10 (-7.1)
(8.86) (4.14) (—5.6)
Thr 116 8.36 4.34 4.14 1.18 —8.04
(8.18) (4.35) (4.25) (1.24) (—5.0)
Phe 117 8.55 4.62 2.86 7.23 CeH 7.34 -84
(8.54) 4.57) (3.14) (7.26) (7.36) (~10.2)
C{H 7.33
(7.34)
Glu 118 8.32 434 1.87, 2.00 2.40 -5.0
(8.38) @21 (2.05, 2.11) (2.49) (—6.2)
Lys 119 8.48 4.19 174, 1.82 1.48 1.72 CeH 3.02 -8.7
(8.30) (4.15) (1.84, 1.92) (1.50) (1.82) (2.98) (-6.2)
NeH 7.64
(7.64)
Ala 120 8.59 435 1.41 -9.0
(8.42) 4.22) (1.48) (-9.9)
Thr 121 8.31 4.35 428 1.22 -84
(8.00) (4.26) (4.36) (1.20) (-4.0)
Ser 122 8.43 4.47 3.88, 3.96 -74
(8.16) (4.30) (4.02, 4.07) (-3.1)
Glu 123 8.52 435 1.94, 204 244 ~8.04
(8.31) (4.23) (2.16) (2.50, 2.62) (—5.3)
Ala 124 8.35 4.24 132 -6.5
(8.11) (4.18) (1.49) (—4.0)
Tyr 125 8.17 4.47 2.95 7.07 CeH 6.80 -11.8
(8.12) (4.31) (3.13) (7.17) (6.83) (—9.9)
Ala 126 8.13 424 1.28 -59
(8.07) (4.18) (1.54) (-=7.1)
Tyr 127 8.17 447 3.02 7.12 CeH 6.82 -90
(8.39) 4.31) (3.16) (7.14) (6.82) (-12.1)
Ala 128 8.24 4.26 1.38 -6.8
(8.38) (3.98) (1.52) (=5.3)
Asp 129 8.42 4.70 2.86, 2.94 —6.2
(8.50) (4.46) (2.85, 2.92) (=17
Thr 130 8.11 424 424 1.22 —-56
(7.99) 4.02) (4.34) (1.28) (~3.7)
Leu 131 8.11 429 1.58, 1.66 1.50 0.84, 0.90 -5.6
(7.94) (4.09) (1.72) (1.50) (0.80) (—4.3)
Lys 132 8.24 4.26 1.74, 1.82 1.39, 1.45 1.66 CeH 2.99 -6.2
(7.98) (4.12) (1.90) (1.4, 1.56) (1.70) (2.99) (—4.3)
NeH 7.60
(7.64)
Lys 133 8.41 4.26 1.78 1.39, 1.45 1.67 CeH 2.99 -7
(8.06) (4.18) (1.93) (1.46, 1.54) (1.74) (3.02) (-3.7)
NeH 7.60
(7.64)
Asp 134 8.62 4.66 2.86, 2.96 -6.8
(8.46) (4.68) (2.98) (-5.6)
Asn 135 8.51 4.70 2.86 NvyH 7.70, 6.96 -59
(8.16) 4.74) (2.86, 2.96) (7.64, 6.84) (—0.3)
Gly 136 8.42 4.00, 3.90 -59
(8.26) (3.92, 4.01) (-2.5)
Glu 137 8.08 431 1.89, 1.96 2.26,2.32 —4.6
(8.03) 4.37) (1.94, 2.04) (2.38) (-3.2)
Tyr 138 8.35 4.62 2.93,3.18 7.12 CeH 6.82 —-8.3
(8.08) (4.63) (2.99, 3.14) (7.14) (6.86) (—5.6)

2Chemical shifts are referenced to TSP. Conditions: 278 K, pH = 2.4, H,0 10% 2H,0 (by vol.) or H;0 30% perdeuterated TFE (in

parentheses). Am em dash indicates protons that exchange with solvent too fast to be observed. n.a. means not assigned.



170

M. Ramirez-Alvarado et al.

Table 3. Proton chemical shifts (in ppm) and amide signal temperature coefficients (A8/AT, in ppb/K)
of protein L Bl domain (136-155D) fragment®

Residue NH CaH CBH CyH Cé6H Others A8/AT
Acetyl 2.09
(2.10)
Gly 136 8.40 3.92 -8
(8.16) (3.94) (—8.0)
Glu 137 8.56 424 1.93, 1.86 2.16 —-6.3
(8.51) (4.28) (1.93, 1.88) (2.18) (~7.5)
Tyr 138 8.42 4.68 3.12, 2.95 7.13 CeH 6.84 -77
(8.12) (4.67) (3.14, 3.00) (7.14) (6.86) (—6.2)
Thr 139 8.17 433 433 1.17 -56
(7.90) (4.41) (7.88) (1.20) (—5.0)
val 140 8.27 4.10 213 0.96 -82
(7.97) (4.15) (2.11) 0.96) (—8.1)
Asp 141 8.58 4.64 2.61, 2.76 -7.6
(8.35) (4.70) (2.64, 2.78) (—6.2)
Val 142 8.27 4.07 2.09 0.94 -8.8
(7.96) (4.09) (2.18) (0.96) (—6.2)
Ala 143 8.47 427 1.41 -6.8
(8.20) (4.29) (1.44) (—5.0)
Asp 144 8.34 4.55 270,277 -6.8
(8.12) (4.60) (2.78) (—4.3)
Lys 145 8.48 426 1.74, 1.85 1.44, 1.48 1.74 CeH 3.03 -93
(8.03) 4.31) (1.72) (1.47,1.52) (1.72) (3.04) (—6.8)
NeH 7.64
(—)
Gly 146 8.60 3.90 -6.7
(8.43) (3.93) (—5.6)
Tyr 147 8.10 461 3.07 7.12 CeH 6.83 -59
(7.88) 4.57) (3.10) (7.14) (6.86) (—5.0)
Thr 148 8.20 426 426 1.17 ~59
(7.92) @427 (4.32) (1.20) (—5.6)
Leu 149 8.24 4.30 1.63 1.63 0.92, 0.98 -1
(7.91) 4.32) (1.67) (1.67) (0.96) (—5.6)
Asn 150 8.53 4.69 2.75, 2.85 NyH 7.72, 7.01 -6.5
(8.16) (4.70) (2.78, 2.84) (6.79, 7.50) (—5.0)
Ile 151 8.18 4.10 1.83 1.14, 1.44 0.88 CyH; 0.82 -93
(7.78) (4.09) (1.84) (1.14, 1.45) (0.86) 0.82) (—5.0)
Lys 152 8.43 430 1.71 1.34, 1.40 1.68 CeH 3.00 -9.1
(8.02) (4.29) (1.72) (1.30, 1.36) (1.64) (2.98) (~17.5)
NeH 7.64
(—)
Phe 153 8.56 4.60 3.04, 3.12 732 CeH 7.36 -9.9
(8.16) (4.64) (3.04, 3.22) (n.a.) (n.a) (-8.7)
C{H 734
(n.a.)
Ala 154 8.44 430 1.39 -74
(8.02) 4.37) (1.42) (—-6.2)
Gly 155 7.88 3.92 -1.7
(7.89) (3.99) (—5.6)
Asp 156 8.04 4.45 2.64, 2.73 -59
(7.8) (4.50) (2.66, 2.74) (—5.6)

aChemical shifts are referenced to TSP. Conditions: 278 K, pH = 6.1, H,0 10% 2H,0O (by vol.) or H,0 30% TFE at 295 K (in

parentheses). An em dash indicates protons that exchange with solvent too fast to be observed. n.a. means not assigned.
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trypsin inhibitor (BPTI) (Kemmink et al., 1993; Kemmink & Creigh-
ton, 1995a). This interaction is characterized by a perpendicular
orientation of the N-H bond with respect to the aromatic side chain
plane. In protein L B1 domain, the local structure in these regions
is different, with the N-H and the aromatic side chain pointing to
opposite directions of the B-sheet, which result in much more
normal values of the glycines amide proton chemical shifts (Wik-
strom et al., 1993).

With respect to the fragment corresponding to the a-helix, it
also has a small population of folded conformers in water as seen
by CD and NMR. However, the peptide show signs of aggregation
even in the most favorable conditions, a rather extreme pH value,
and moderate peptide concentrations. These structures could be
induced by the self-association of the peptide molecules, so that
the conclusions that can be drawn about the intrinsic conforma-
tional tendency of the sequence are not so clear.

A major problem with the detection of non-random structures in
short linear peptides is that their population is often very low. A
useful technique to amplify the intrinsic conformational tendencies
of the sequence, increasing the population of the folded structures,
is the use of trifluoroethanol as a cosolvent at concentrations around
30% by volume. Aqueous TFE stabilizes native a-helices (Tam-
burro et al., 1968) and B-hairpins (Blanco et al., 1994b), although
non-native structures can also be stabilized (Sonnichsen et al.,
1992). The effect of TFE is not clearly understood. Besides its
different dielectric constant and hydrogen bonding properties as
compared with pure water (Llinds & Klein, 1975; Nelson & Kal-
lenbach, 1986), the heterogeneity of TFE-water mixtures resulting
from the immiscibility of the two components could be very im-
portant, as recently detected by small-angle X-ray scattering mea-
surements (Kuprin et al., 1995). This study suggest that alcohols
(specially fluorinated ones) behave as other amphiphilic mol-
ecules, and at relatively high concentrations can form some kind of
pool of extended structures. It could be then that peptide molecules
associate with these pools of TFE molecules in a way that the new
environment stabilizes secondary structure formation. In fact, sev-
eral helical peptides behave similarly in aqueous TFE and in SDS
micelles (Rizo et al., 1993). The two hairpin fragments of protein
L show a strange behavior in 30% TFE. Their CD spectra are
similar to the ones observed in peptides with B-hairpin or mixed
hairpin-helical structures plus random conformations (Blanco
et al., 1994b; Blanco & Serrano 1995). However, the NMR line
widths indicate that the peptides aggregate. What is probably hap-
pening is that there are peptide molecules that form oligomers
adopting a folded structure and molecules that remain in a mono-
meric state or form low molecular weight aggregates. Both species
would give rise to CD signal, but only the last ones could be
observed by NMR due to the short relaxation time of the high
molecular weight oligomers. On the other hand, the fragment cor-
responding to the a-helix shows a much more normal behavior in
TFE. The line widths increase with respect to the aqueous solution
experiment but to a lower extent than in the case of the hairpin
peptides. In this peptide, the change is associated with the forma-
tion of a high population of a-helical structure in equilibrium with
random coil conformations as shown by the CD spectrum and the
NMR data (chemical shifts and NOEs). AGADIR predicts a ten-
dency of being helical in water for residues T116 to D134, exactly
the same region found to be helical in 30% TFE. For residues 116
to 121, AGADIR predicts less a-helix population than in the rest
of the helical region, and that it competes with a relatively high
tendency to be extended, and in fact, the helix is more frayed at its
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N-terminus end as manifested in the chemical shifts and NOEs
of these residues. The helix in the protein L B! domain struc-
ture starts at T116 (the N-cap residue) and the last residue with
helical dihedral ¢,) angles is L131. K132 has positive angles,
directing the chain towards the second hairpin, and K133 has,
again, helical angles. The helix in the isolated peptide starts at
the same N-capping residue, but extends until D134. In the ab-
sence of tertiary interactions, it is not surprising that the helix
also spans the two consecutive lysines (with high intrinsic ten-
dency to form a-helices) and stops at D134, a poor helix for-
mer, instead of at L131.

Implications for protein L Bl domain folding

Protein L fragments show low secondary structure tendencies in
aqueous solution in general. Although there are no signs of for-
mation of the native B-hairpin structure in the isolated peptides
corresponding to the protein hairpins, certain related conforma-
tional features are retained, namely the turns and side chain-side
chain interactions in three of the four B-strands. The importance of
these local structures for the folding of the protein is supported by
its destabilization in the presence of 6 M urea. They also have a
non-native interaction at the C-terminus end that has to be dis-
rupted for the complete protein to be folded. More interestingly,
TFE does not promote helix formation and AGADIR predicts a
very low helical potential for these sequences, much lower that the
tendency to be extended, thus suggesting a selection against non-
native secondary structure propensities. These sequences then, have
an intrinsic potential to form the native hairpin structure, but ter-
tiary interactions with the rest of the protein are necessary for the
sequence to form the overall hairpin structure. The sequence cor-
responding to the a-helix could form some amount of helical struc-
ture in water, but it is difficult to interpret its importance for the
folding of the protein since the peptide has some tendency to
self-associate. The intrinsic propensity for forming an a-helical
structure is revealed in the presence of 30% TFE, although the
helix is three residues longer at the C-terminus end. In this case,
only a change in the environment would be needed to stabilize the
helical conformation, but tertiary interactions again play an essen-
tial role in defining the final length of the helix in the whole
protein.

It has been proposed that optimal folding occurs when there are
only a few local interactions and, therefore, isolated fragments of
secondary structure should be inherently weakly structured (Fer-
sht, 1995; Govindarajan & Goldstein, 1995). Experimental analy-
sis also show that there is a certain range of stability for a local
structural element that permits the protein to attain its thermo-
dynamics and folding characteristics: if local interactions are too
weak, the folded state is destabilized, and if too strong, the coop-
erativity of folding is reduced due to a decrease in the energy gap
between the folded state and alternative partially folded structures
(Muiioz et al., 1996; Mufioz & Serrano, 1996). Some evolutionary
pressure could therefore oppose the accumulation of nucleation
sites in the denatured state because these sites should become
stable only after interacting with the other parts of the protein
(Fersht, 1995). Our experimental results with the protein L Bl
domain fragments support this view. There are indications that the
local sequence favors the structure finally attained in the protein,
but the contribution of the local interactions alone is not high
enough to drive the formation of experimentally detectable popu-
lation of the native secondary structures.
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Comparison with the Bl domain of protein G and ubiquitin

These three proteins have a similar fold and very low sequence
identity. The main difference exists in a long loop in ubiquitin
instead of the short turns connecting the two $-strands in the
second B-hairpins of protein G and protein L. The conformational
propensities of their fragments permit a comparison of the intrinsic
secondary structure propensities of these sequences. The second
B-hairpin of protein G forms around 40% population of the native
structure in water, the a-helix forms a high population of helical
structure in 30% TFE, and the first B-hairpin attain its native
structure also in 30% TFE (Blanco et al., 1994b; Blanco & Ser-
rano, 1995). None of the hairpins of protein L or ubiquitin are
stable in water. Peptides corresponding to the first S-hairpin and
the helix of ubiquitin adopt the native structures only in the pres-
ence of 60% aqueous methanol, while the C-terminus of the pro-
tein adopts non-native helical structures in the A state of the protein
(a partially denatured state in 60% aqueous methanol, pH = 2.0;
Cox et al., 1993) or in a peptide {Mufioz & Serrano, 1994). The
hairpins of protein L do not form B-hairpin structures in water and
their conformational state in TFE is uncertain as both aggregate.
The tendency of the a-helical sequence to form the native a-helix
structure, observed in mixed alcohol-water mixtures in the three
cases, is the only common feature. This shows that an overall
similar pattern of secondary structure tendency is not conserved
within this structurally related set of proteins, and that this is not
necessary to reach their final fold, although a minimum tendency
to avoid non-native structures and to favor native ones could be
required.

The protein G B1 domain seems to be a special case, as the local
interactions alone appear to determine their native secondary struc-
tures. The balance of local versus non-local interactions in this
protein is different than the one corresponding to ubiquitin and
protein L Bl domain. The comparison of IgG binding surfaces of
the protein G and protein L B1 domains suggests a possible com-
mon ancestral domain from which they have diverged (Wikstrom
et al., 1995). Their sequences are highly dissimilar, but still their
structures are essentially the same with only small differences in
the length of the secondary structure elements and the orientation
of the helix with respect to the S-strands. Their folded states show
very similar dynamic properties (Barchi et al., 1994; Wikstrom
et al., 1996) and their unfolding processes can be described as
two-state transitions (Alexander et al., 1992; Yi & Baker, 1996).
However, their pattern of secondary structure propensities is dif-
ferent: the salient feature in protein G B1 domain, the stable hair-
pin structure in the isolated second hairpin peptide, is not observed
in protein L B1 domain.

Random mutagenesis and phage display technology has been
applied on both domains to obtain mutant proteins that retain the
correct three-dimensional structure, selected through IgG binding
ability. For protein G Bl domain, all the mutants were less stable
than the wild type and could be grossly classified in mutations
altering tertiary interactions and mutations destabilizing secondary
structures (O’ Neil et al., 1995). In the case of protein L B1 domain,
only the first hairpin has been mutagenized and all the mutants
displayed reduced stability compared with the wild type, but up to
nine simultaneous mutations were allowed (Gu et al., 1995). How-
ever, natural selection operates in a different way, and both folding
characteristics and stability should be maintained. The secondary
structure propensity has not been conserved in these two proteins
through evolution, and mutations that locally destabilize the sec-
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ondary structures could be compensated by mutations in other
regions of the protein stabilizing the secondary structure by tertiary
interactions, as was concluded for a similar analysis of a-helix
propensity in evolutionarily related /B parallel proteins (Mufioz
et al., 1995b) In this way, the overall balance of local and non-local
interactions can change within the range that ensures the folding
and stability characteristics necessary for proper functionality in
the living organism.

Materials and methods

Peptide design and synthesis

The length of the peptides was chosen to encompass whole sec-
ondary structure elements with their complete hydrogen-bonding
pattern and van der Waals contacts, as defined in the NMR-
determined three-dimensional structure of protein L Bl domain
(Wikstrém et al., 1994). The first B-hairpin spans residues 95-115
and this fragment was selected. The a-helix of protein L starts at
residue 117 and ends at residue 131. The following sequence
(KKDNG) connects the helix with the second B-hairpin and re-
sembles the sequence at the last turns of the helix in protein G
(ANDNG). We decided to analyze a peptide with this sequence
included, although it is not in helical conformation in protein L, in
order to keep an open possibility for the helix to pass the limits
observed in the whole protein. This situation has been found in
other helical protein fragments (Jiménez et al., 1994). Three non-
helical protein residues were also included at its N-terminus and
two more residues at its C-terminus to minimize end chain effects
and to favor solubility. The peptide studied then corresponds to
residues 114-137 of protein L. The second B-hairpin spans resi-
dues 137-154. The corresponding peptide included the two gly-
cines flanking the hairpin ends in the protein plus an additional
aspartic acid residue at the C-terminus, not present in the native
sequence, that would favor peptide solubility. This residue is a
lysine in the complete protein L, and belongs to the connection
between domains Bl and B2. This region is homologous to the
disordered N-terminal end of the B1 domain (not shown in Fig. 1),
and therefore, we do not expect any influence on the structure of
the peptide. The peptide corresponding to the second hairpin is
then named 136-155D fragment. Attending to solubility criteria,
the net charge of the peptides was further adjusted at the pH range
where full NMR analysis can be conveniently done (below 7): the
first B-hairpin peptide has its C-terminus amidated, the a-helix
peptide has both N- and C-termini free and the second B-hairpin
peptide has its N-terminus acetylated.

The peptides were synthesized by the EMBL peptide synthe-
sis service using Fmoc chemistry and PyBOP activation at a
0.025 mmol scale. Peptide homogeneity and identity were ana-
lyzed by analytical high-performance liquid chromatography, amino
acid analysis, and matrix-assisted laser desorption time-of-flight
mass spectrometry. The concentration of the peptide samples were
determined by ultraviolet absorbance (Gill & Hippel, 1989) and
amino acid analysis.

Far-UV circular dichroism spectroscopy

CD spectra were recorded on a Jasco-710 dichrograph calibrated
with (18)-(+)-10-camphorsulphonic acid. CD spectra were ob-
tained in the continuous mode by taking point measurements every
0.2 nm, with 100 nm/min scan rate, a response of one second and
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a 1 nm band width. Thirty consecutive scans were averaged. Cells
with path lengths of 0.01 cm and 0.5 cm were used for the analysis
of sample with peptide concentrations around 500 uM and 10 uM,
respectively.

Nuclear magnetic resonance

NMR samples were prepared in H,O with 10% ZH,O (by vol.),
using milli Q water from a Millipore water system and 2H,O from
Cambridge Isotope Chem.), 30% aqueous perdeuterated trifluoro-
ethanol (CF3C?H,0%H, Cambridge Isotope Chem.), and 6 M urea
(Merck). Minute amounts of HCI and NaOH were added in order
to adjust the pH of the samples; this was measured with an Ingold
combination electrode (Wilmad) inside the NMR tube, and isotope
effects were not corrected. Sodium 3-trimethylsylyl (2,2,3,3-
2H,)propionate (TSP) was used as an internal reference at
0.00 ppm. NMR experiments were performed on a Bruker AMX-
500 spectrometer. The data were processed with the program UX-
NMR from Bruker in an Aspect X32 computer. DQFCOSY (Piantini
etal., 1982), NOESY (Kumar et al., 1980), and ROESY (Bothner-By
et al., 1984) spectra were acquired using standard procedures.
NOESY and ROESY spectra were routinely recorded for every
peptide and the spectra were jointly analyzed to discard artifactual
NOE:s as those arising from spin diffusion. The mixing times used
were 200 ms and 100 ms for spectra recorded in water and 30%
TFE, respectively. TOCSY (Bax & Davis, 1985) spectra were
acquired using the standard MLEV17 spin lock sequence and
80 ms mixing time. The spectral width was 5555.55 Hz and the
water signal was presaturated during the relaxation delay (one
second) and also during the mixing time of NOESY spectra. Tem-
perature dependence of the amide signals was followed through a
series of 1D, TOCSY, and ROESY spectra recorded at several
temperatures within the 278-308 K range. The peptide 'H-NMR
spectra were assigned by the sequential assignment procedure
(Wiithrich et al., 1982). Crosspeak intensities were evaluated by
visual inspection of the contour levels. The conformational shifts
(conformation-dependent chemical shifts dispersion) of the C, pro-
tons were obtained by subtracting the random coil values (Merutka
et al., 1995) from the measured ones for each residue.

Secondary structure prediction

The standard one-sequence version (AGADIR1s; Mufioz & Ser-
rano, 1995) of the helix/coil transition algorithm AGADIR (Mufioz
& Serrano, 1994) and AMPURIA (Mufioz & Serrano, unpub-
lished) were used to predict a-helical or 8-strand tendencies of the
peptides of protein L B1 domain. These algorithms have been
developed to estimate at a residue level the propensity of a mo-
nomeric peptide with no tertiary interaction to populate an a-helical
or extended conformation.

The program AGADIR can be run on the world wide web (URL:
http://embl-heidelberg.de/Externallnfo/serrano).

Note added in proof

An interesting experimental study on the first B-hairpin of fer-
redoxin I appeared after submission of this manuscript. The protein
has a structure similar to ubiquitin, and the peptide adopts a native-
like hairpin structure in alcohol-water mixtures. (Searle MS, Zer-
ella R, Williams DH, Packman LC. 1996. Native-like B-hairpin
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structure in an isolated fragment from ferredoxin: NMR and CD
studies of solvent effects on the N-terminal 20 residues. Protein
Eng 9:559-565.)
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