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ABSTRACT:. The solution conformation of a peptide LYS(226), which corresponds to tifkesheet region

in T4 lysozyme, has been examined in aqueous solution, TFE, and SDS micelles by CB HiMR
spectroscopy. Secondary structure predictions suggest@ameet and turn character in aqueous solution

but predict a helical conformation in a more hydrophobic environment. The predictions were supported
by the CD and NMR studies which showed the peptide to be relatively unstructured in aqueous solution,
although there was some evidence gf-turn conformer which was maintained in 200 mM SDS and, to

a lesser extent, in 50% TFE. The peptide was significantly helical in the presence of either 50% TFE or
200 mM SDS. TFE and SDS titrations showed that the peptide could form helical, sheet, or extended
structure depending on the TFE or SDS concentration. The studies indicate that peptide environment is
the determining factor in secondary structure adopted by LY-S8E).

It is now well over 20 years since it was shown that the  An alternative means of identifying initiation sites for
amino acid sequence of a protein determined its native protein folding is to use short peptides which encompass
structure (Anfinsen, 1973). In that time, much effort has known regions of secondary structure. Since CD and NMR
been expended in (i) predicting the secondary structure of spectroscopy were used to detect a highly popul&tasn
proteins and (i) identifying those regions of secondary in a 9-residue peptide in water (Dysat al, 1985), a
structure which may provide initiation sites for the folding Substantial number of short peptides have been shown to
of the rest of proteins. Curreatpriori predictions are about ~ adopt secondary conformation (e.g-helices ang-turns)
70% accurate at predicting secondary structure from aminoin aqueous solution (Oas & Kim, 1988; Dyson & Wright,
acid sequence (Waterhous & Johnson, 1994). However, it1991; Dysoret al, 1992a,b; Walthet al, 1993; Kemmink
may prove impossible to attain 100% accuracy as there is& Creighton, 1995). Subsequently, it was suggested that
an inherent difficulty in including nonlocal as well as local Peptides based on native sequence, and showing a propensity
interactions in the calculations (Rabal, 1993; Waterhous ~ fOr native-like conformation in the absence of stabilizing
& Johnson, 1994). Almost certainly, it will prove to be at tertiary mte_ractlons, could be used .to |dent|fy initiation sites
least as difficult to predict the order in which those elements fOr the folding of the parent protein (Wrighet al, 1988;
of secondary structure will form, an important consideration Dyson & W_rlght,_ 1993) . Th'?’ approach ha_s been use_d n
as hierarchical folding models (Kim & Baldwin, 1982, 1990) attempts to |dent|fy initiation sites for the folding of proteins
require the initial formation of secondary structure which such as myoglobin (Walthet gl., 1993), hen lysozyme
can act as nucleation sites for further collapse, leading to (Yang et al, 1994), f-lactoglobin (Hamadzt al, 1995),

native tertiary structure. Both stopped-flow CD and pulsed anlcrj] Z Z,;:-:] (It<r¢]eemr?(;nl;:?;igr;gfgotrilaels9]% ?)éecon darv structure
hydrogen-deuterium (HDexchange NMR experiments have 9 prop pep 'y

: formation, the addition of cosolvents to aqueous solutions
proved useful to demonstrate that a high degree of secondar}has become very common. In particular, 2,2,2-trifluoroet-
structure may form within milliseconds of protein folding L

bei initiated. The latter techni . dcul ° hanol (TFE) has been used routinely to promatgelical

€ing mnitiated. e latier technique, In particular, 1S cqnformation in peptides that have an intrinsic helical
prgsently limited to prote|n§ of relatively low molecular propensity, but are unstructured in aqueous solution (e.g.,
weight and, consequently, is not generally applicable. In pysonet a1, 1992a,b; Sonichseret al, 1992). It has been
addition, both techniques have a dead time and events earliefenerally accepted that TFE does not induce helical structure,
than 1 ms simply cannot be observed. rather it stabilizes helices in regions with an existinpelical
propensity (Segawat al, 1991; Saonichsenet al, 1992).
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also been shown to stabilifeturns (Blanceet al, 1994a,b; Amino acid analysis of a 24 h acid hydrolyzate gave
Blanco & Serrano, 1995) and ev@grstrands (Liet al,, 1984; (theoretical values in parenthesis) Asp (1) 1.04, Thr (3) 3.03,
Martensoret al, 1985; Mutter & Altman, 1985; Narayanan Ser (1) 1.00, Glu (2) 2.09, Gly (4) 3.92, lle (3) 2.93, Leu
et al, 1986). Similarly, above its critical micellar concentra- (4) 4.12, Tyr (3) 2.81, His (1) 1.02, Lys (3) 3.01, and Arg
tion (cmc), sodium dodecyl sulfate (SDS) has also been used(1) 0.95. lon-spray mass spectrometry gava'aof 2969.5

to stabilize peptides in helical conformations (Gierasch, 1989; (theoretical value= 2967.6).

Mammi & Peggion, 1990; Rizet al, 1993), while below CD Spectropolarimetry.CD spectra were recorded on a
its cmc, SDS has been shown in some cases to stabilizeJasco J-710 spectropolarimeter. The instrument was cali-
fB-strands (Wuwet al,, 1981, 1982; Zhong & Johnson, 1992; brated usingl-10-camphorsulfonic acid. Cells having a path
Waterhous & Johnson, 1994). length of 0.1 or 0.02 cm were employed and were maintained

Previously, we have reported CD and NMR studies on at the required temperature using a Neslab RTE-110 circulat-
the solution conformations of peptides derived from helical ing water bath. Peptide concentrations were between 25 and
regions of T4 lysozyme, a small highly structured protein 250 uM and were determined by amino acid analysis.
consisting of eight helices and one region of antiparallel Spectra were an average of five scans recorded at a scan
ﬁ_sheet (Remington & Matthews, 1978; Weaver & Mat- Speed of 20 nm/min, with a band width of 1.0 nm, a 0.2 nm
thews, 1987). These peptides, which corresponded to helixStep size, ath a 2 stime constant. Following baseline
A (McLeish et al, 1993), helix B (Najbaet al, 1995), and correction, the observed ellipticity was converted to mean
helix C (McLeishet al, 1994), were found to exhibit only ~ residue ellipticity, §] (deg cnf dmol™) using the relationship
marginal, if any, structure in water. However, in the presence [6] = 6/(IcN), where is the observed ellipticityl is the
of SDS micelles or TFE, the peptides adopted re|ative|y path Iength in mIIIImeterSI; is the molar Concentration, and
stable helical conformations. On the basis of these studiesN is the number of residues in the peptide. If necessary,
we proposed that helices A and C may provide initiation the spectra were smoothed using the Jasco software.
sites for the refolding of T4 lysozyme (McLeig al., 1993, Secondary Structure PredictionsThe conformational
1994). These results provided support for earlier HD preferences of LYS(1136) were simulated using the
exchange studies in which helices A and C were found to Program ALB (Ptitsyn & Finkelstein, 1983). This program
be well protected from exchange, also suggesting that thesecan be used to predict elements of secondary structure based
helices form early in the folding of T4 lysozyme (Lu & ©n the physicochemical properties of peptides when they are
Dahlquist, 1992). The HD exchange experiments also Placed in aqueous, partially hydrophobic, and fully hydro-
indicated that thes-sheet region folded rapidly (Lu &  Phobic environments.

Dahlquist, 1992) and, in addition, a recent theoretical study 'H NMR SpectroscopyPeptide solutions were prepared

predicted that this region would form part of an early folding t0 @ concentration of-t2 mM in a volume of 0.65 mL. The

intermediate (Xie & Freire, 1994). Given these results, it Solvents employed included 90%®10% DO (pH 3.17),

seemed to us that the conformational preferences of a peptidét5% 5 mM KPQ (pH 3.35)/50% TFE/5% BD, and

corresponding to the sheet region would warrant investiga- deuterated 200 mM SDS micelles in 90%®110% DO

tion. (pH 4.5). For the slow exchange experiments, samples were
Accordingly, we have used CD and 2D NMR spectroscopy Prepared in 50% TFE/50%2D or 200 mM SDSe,5/100%

to determine the solution structure of such a peptide, LYS- D:0. L
(11-36), in water, in 50% TFE and in SDS micelles. In The'H NMR spectra were recorded on Bruker AMX 500

addition, it seems that examining alterations in conformation 21d 600 MHz spectrometers at 288 K (298 K for SDS
brought about by controlled changes in its environment will samples), with time proportional phase incrementation (TPPI)

provide us with physical evidence of the propensity of a fOf quadrature detection in the F1 dimension "tfich,
peptide to adopt a given conformation and, conceivably, a 198(,5,)' DQF.'COSY (Rance’F al., 1983). and TOCSY.
better guide to potential initiation sites. Consequently, we (Bratnschweiler & Emst, 1983; Bax & Davis, 1985) experi-

have used CD spectropolarimetry to study the effect of TFE MeNts, the latter using a DIPSI spin-locking sequence
and SDS concentration on the conformation of LYS{11 (Cavanagh & Rance, 1992), were used for spin system

36) and contrasted these effects with those on LYSE&D), assignment. Phase-sensitive NOESY (Kureal., 1980)
a peptide derived from helix C, the long helix bridging the was used to obtain complete sequence specific assignments
two domains of T4 lysozyme. and for providing conformational information. The mixing

times ranged from 70 to 100 ms for the TOCSY experiments
EXPERIMENTAL SECTION and 200 to 250 ms for NOESY experiments.
For DQF-COSY experiments, the water resonance was
Peptide SynthesisLYS(59—81) was available from a  suppressed by gated irradiation during the relaxation delay
previous study (McLeislet al., 1994). LYS(11-36), EG- (1.8-2 s), with the transmitter offset placed to coincide with
LRLKIYKDTEGYYTIGIGHLLTKS, was assembled by the water resonance. Solvent suppression for NOESY and
Fmoc-solid phase synthesis on a MilliGen 9050 instrument TOCSY experiments was achieved using a 1-1 binomial
using previously described methodology (Wadal., 1995). pulse sequence in place of the °9@ulse (Plateau &
It was cleaved from the solid support and simultaneously Gueron, 1982), combined with mild presaturation (1.5 s).
deprotected by treatment for 3.5 h with 95% trifluoroacetic Spectra were acquired with 4K complex data points in the
acid/2.5% phenol/2.5% ethanethiol. The crude product wasF2 dimension and 256600 increments in the F1 dimension,
purified by preparative reversed phase high performanceand were of 32 scans each (between-82 scans for
liquid chromatography (RP-HPLC) on a Vydac C18 support NOESY).
using 0.1% aqueous trifluoroacetic acid and acetonitrile. The  All spectra were processed using UXNMR (Bruker) and
resulting product appeared as a single peak on both analyticaFELIX (Hare Research Inc.) software. For 2D experiments,
RP-HPLC and capillary zone electrophoresis (pH 2.5). thet; dimension was zero-filled to 2048 real data points and
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Table 1: Secondary Structure Prediction for LYS{BB )P
El GZ I—3 R4 I-5 K6 I7 YB K9 DlO Tll ElZ Gl3 Y14 Y15 T16 I17 GlS |19 GZO HZl L22 L23 T24 K25 526

aqueous B BB B B B T T T B B B & & & & & &
partially hydrophobic B B B B BB T T T T B B B BT & & & & &
fully hydrophobic & & & & && T T T T T H H H HH HH H H H

a Calculated using the ALB algorithm (Ptitsyn & Finkelstein, 1983), using a temperature of 288 K and pH 4.8. H, helix predicted; &, helix
possible; B, sheet predicted; T, turn predicted.

40000 minimum has shifted to 209 nmzfg* transition) and
considerable negative ellipticity has developed at 222 nm
(nz* transition). The shift toward a helical conformation is
also evident in 200 mM SDS, with minima also being
observed at 208 and around 222 nm, but the extent of helix
formation is clearly lower. Under these solvent conditions,
the CD spectra were essentially independent of peptide
concentration, suggesting aggregation was not occurring.

If it is assumed that the absorption at 222 nm is almost
exclusively due tax-helix (Woody, 1985), it is possible to
calculate thea-helicity using the equation of Cheet al.
(1974),

30000 -|
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Molar Ellipticity (deg. cm?dmol)

10000 4 T

-20000 | | i | ;
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Wavelength (nm) [9];{ = (fH - Ik/N)[O] HAco

Ficure 1: Far-UV CD spectra of LYS(1136) at 288 K in (--) . . s
phosphate buffer pH 4.8, (-—-) 200 mM SDS micelles, andl {0 where P, is the observed mean residue ellipticity at
mM phosphate buffer, pH 4.8/50% TFE. The molar ellipticity is wavelength, f is the fraction of helix,i is the number
in deg cni dmot1., of helical segments (1 in this case),is a wavelength-
] ) ) ) dependent constarit, is the number of residues, an@] ;..
/2 phase shifted sine squared window functions were js the maximum mean residue ellipticity for a helix infinite
applied. In the cases of severe spectral ovettdp,or /8 length. On this basis 0]z, for LYS(11—36) in a 100%
phase shifted sine squared bell window functions in F2 pqjical conformation was calculated to 585 550 deg ci
dimension were applied. Polynomial baseline correction was gmor. From the observedf],, data, at 288 K, the
applied in selected regions of the spectra. Chemical shifts 5 5jation averages of helical conformations in water, 50%
were r_eferenced to 3-(trimethylsilyl)propionic acid-2,2,3,3- TFE, and 200 mM SDS were approximately 0, 33, and 18%,
ds sodium salt (TSP+4) at 0.0 ppm. respectively.
RESULTS Figure 2 shows the CD spectra of (A) LYS(236) and
(B) LYS(59—81) in the presence of increasing concentrations
Structure Prediction. Table 1 shows the secondary of TFE. Both peptides show increased helicity at higher TFE
structure predicted by the program ALB (Ptitsyn & Finkel- concentrations. However, there are some significant differ-
stein, 1983) for LYS(1136) in an aqueous, partially ences between the peptides. LYS{&) reaches maximum
hydrophobic and fully hydrophobic environment. ALB helicity at 30-40% TFE. This is consistent with the
predictions are based on physicochemical properties and carsuggestion by Jasanoff and Fersht (1994) that helicity is
take into account environmental conditions. Simulations generally at a maximum by 2680% TFE (v/v) and complete
were carried out using charged termini, at 288 K, and at a by 50% TFE. In contrast, the helicity of LYS(1B6)
pH of 4.8, i.e., under conditions designed to mimic CD increases continually over the range-380% TFE. Further,
experiments. at 20% TFE, the spectrum of LYS(£B6) shows a minimum
In water, ALB suggests that the peptide would have two at 216 nm, typical ofs-strand formation (Woody, 1985;
regions of sheet, between residues 6 and 11 and residue®Vaterhous & Johnson, 1994). This is not observed for LYS-
15-17, connected with a turn between residues 12 and 14.(59—81), where the presence of an isodichroic point indicates
There is a possibility of a region of helix between residues this peptide undergoes a simple random coil/helix transition
18—23, although a helix was not specifically predicted. As (Waltho et al, 1993; McLeishet al,, 1994).
the hydrophobicity of the environment was increased, the Figure 3 shows (A) LYS(1136) and (B) LYS(59-81)
predicted region of sheet and turn increased to include in the presence of increasing concentrations of SDS micelles.
residues 3-18, while residues 1923 maintained a possibil- At concentrations around and above 6 mM SDS, the critical
ity of helix formation. However, at maximum hydrophobic- micellar concentration (Tessast al, 1993), both peptides
ity, helix was predicted for residues 123, the possibility fold into o-helical conformations. Again, LYS(5981)
of helix was suggested for residues& and only residues  showed considerably greater helicity than LYS{BB).
9—13 retained any tendency toward sheet or turn formation. However, below the cmc the two peptides exhibited quite
CD Spectropolarimetry.Figure 1 shows CD spectra of different spectra. At 3 mM SDS, LYS(3136) showed a
LYS(11—-36) at 288 K in aqueous solution, in 50% TFE, minimum around 216218 nm and a maximum below 195
and in 200 mM SDS. The water spectrum shows a minimum nm. This is consistent with the peptide adopting-strand
at 197 nm and is consistent with the peptide adopting a conformation, and has been observed previously for a number
predominantly random coil conformation (Woody, 1985). of peptides in nonmicellar SDS (Wt al, 1981; Zhong &
Upon addition of 50% TFE, the spectrum becomes indicative Johnson, 1992; Waterhous & Johnson, 1994). As the SDS
of the peptide adopting a helical conformation, as the concentration is further decreased, the maximum shifts
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Ficure 2: TFE titration of (A) LYS(11-36) and (B) LYS(59-81) at 288 K. The peptide concentrations were 28.5 ani3&spectively.
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Ficure 3: SDS titration of (A) LYS(1136) and (B) LYS(59-81) at 288 K. The peptide concentrations were 28.5 ani3&spectively.

toward 205-208 nm and the minimum also shifts toward
longer wavelengths. This could indicate a flattening or
twisting of the 5-sheet (Manninget al, 1988) and/or an
increasing population of type fi-turn conformers (Bandekar
et al, 1982). At this point, if higher concentrations of SDS
are added, the helical spectrum is restored (data not shown).
LYS(59-81), on the other hand, maintains its helical
conformation even at 2 mM SDS. Further reduction in the
SDS concentration results in spectra showing a maximum
at 205 nm and a minimum around 230 nm, indicative of a
large population ofg-structures (Bandekaet al, 1982).
However, under these conditions, the peptide/SDS solutions
rapidly show signs of turbidity and, within a few hours,
precipitates which cannot be reversed with the addition of
higher concentrations of SDS are observed. Y80 s )
IH NMR Spectroscopy.Spectra of LYS(1+36) were 2 @“.o@l‘;m -
assigned using standard sequential assignment methods D10 @y,
(Withrich, 1986). The assignment procedure was compli- = . 10711
cated by the degeneracy of the peptide sequence which 8.8 8.6 8.4 8.2 8.0
contains multiple leucine, isoleucine, tyrosine, glycine, and Fz  (ppm)
lysine residues. However, these ambiguities were overcomeFiGure 4: The GxH-NH region of a NOESY spectrum for LYS-
by the identification of medium-range NOEs suchda(i,i (11~36) in HO (pH 3.17) at 283 K, showing the sequential
+ 2), den(isi + 3), anddyg(i,i + 3), and sequential NOEs f‘es)f‘t'%?gqgﬂgv%h%tg&&emN("' *+ 2) NOEs referred to in the
such asdyn(i,i + 1) anddsn(i,i + 1) NOEs. Chemical shifts '
for LYS(11—-36) in HO, 50% TFE and 200 mM SDS are two weakdn(i,i + 2) NOEs were observed between residues
provided in a table as Supporting Information. G18/G20 and 119/H21, suggesting that a turn may be present
H,O, 288 K. The GaH-NH region of the NOESY at these residues. A turn is present in the corresponding
spectrum of LYS(1%36) in H,O is shown in Figure 4. This  region of the crystal structure in T4 lysozyme, which involves
spectrum illustrates the sequential assignment and identifiesresidues Gly28-11e29-Gly30-His31. A complete representa-
some of the shorter range NOEs. As depicted in Figure 4, tion of observed NOEs for LYS(1136) in H,O is sum-
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Ficure 5: Summary of NOE and amide proton exchange data for
LYS(11-36) in three solvents: (A) ¥ (pH 3.17), 283 K, (B) 200 mM SDS
50% TFE (pH 3.35), 288 K, and (C) 200 mM SDS micelles (pH 1
4.5), 298 K, 600 MHz. NOE intensity is indicated by the height of
the bars. Overlapped residues are marked by asterisks. Dark and
light shaded boxes indicate residues for which slow (preseat
h) and moderately slow (present 6.8 h) NH exchange was 0
observed, respectively.
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marized in Figure 5A Overall, the observation of relatively -1
strongdqn(i,i + 1) NOEs, weakedyn(i,i + 1) NOEs, and
lack of medium-range NOEs suggests that, in accord with

the CD data, the peptide is predominantly disordered in
aqueous medium. Ficure 6: Chemical shift index data for LYS(3436), providing

. . an indication of secondary structure.
The conformation of peptides can often be deduced from y

secondary chemical shifts (i.e., chemical shift differences §-sheet derived peptide. Again, this is in accord with the
from random coil values). Generally, upfield shifts are CD data.

Et
L3
LS

17

N -
X r
-

G13
Y1§

117

119
H21
L23
K25

experienced by @H protons within aro-helical conforma- In 50% TFE, the CSI (Figure 6) indicates the presence of
tion and downfield shifts are experienced bgi€ protons  -turns between residues 4 and 6, followed by a region of
in an extended op-strand conformation (Wishaet al., helix up until residue 16. A region of random coil was

1991, 1992). The chemical shift index (CSI) method of suggested for residues 126, although there was some
Wishart et al. (1992) provides a convenient way of using indication of a turn around residue 21. Overall, from the
this chemical shift information to indicate secondary struc- NOE results and chemical shift data, it can be concluded
ture. In this method, values of four consecutivels” are  that TFE produces a generally helical structure.

indicative of helix, 0 is indicative of random coil or helix ~ SDS micelles, 298 K.The NOEs observed in SDS
disruption, and four consecutivet1ls” are indicative of ~ Micelles are summarized in Figure S5C and portions of
B-sheet. A sudden positive to negative change in the CSI is NOESY spectra are shown in Figure 8. A numberdgi-
indicative of a3-turn (Wishartet al, 1992). Figure 6 shows (. +2) and somelu(i,i + 3) NOEs, as well as medium to
the CSI for LYS(11-36) in aqueous solution, 50% TFE, and Strong intensitydun(i,i + 1) anddun(i,i + 1) NOEs were
SDS micelles. The index is in agreement with LYS{11 obfserved throughout thg peptide. These NOEs are suggestive
36) being generally in an extended conformation in water. Of interconverting turn-like structures such as nascenter 3
In addition, a sudden positive to negative change in the CSI helices which are in equilibrium Wlth_unfolded cc_mformers
involving residues 57 and 19-21 is indicative off-tumns, (Dysonet al., 19_88). No ordered hellca_l _populatlons were
with the existence of the latter turn supported by the 119/ 9€técted, as evidenced by the lackdgj(i,i + 3) connec-

o : tivities. As with the HO, NOE, and chemical shift data
H21 NOE he NOESY . . ) _’ . . !
OE connectivity observed in the NOESY spectrum the CSI index for LYS(1%36) in SDS micelles (Figure 6)

50% TFE, 288 K. The NOEs for LYS(1%36), in 50% indicates that some turns may be present near residd@s 4
TFE, are summarized in Figure 5B and portions of NOESY 5,4 19-21.

spectra are shown in Figure 7. Many medium-range NOEs,

including severatly(i,i + 3) NOEs, as well as a significant DISCUSSION

number of slowly exchanging NH protons, indicate the  We have shown by both CD and NMR spectroscopy, that
presence of a large population of helical conformers for this LYS(11—36) is essentially unstructured in aqueous solution,
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Ficure 8: Regions of (A) @H-NH and (B) NH-NH NOESY
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F2 (ppm) K, showing the sequential assignment in panel A.

FiIGure 7: Regions of (A) @H-NH and (B) NH-NH NOESY i i® i i
spectra for LYS(12.36) in 50% TFE/45% 5 mM KP@ouffer/5% without precedent. Amyloig-peptides (Zagorski & Barrow,

D,O (pH 3.35) at 288 K. The sequential assignment and some 1992), a 15.-reS|du¢3—sheet peF_’“de derived from gpl?O
medium-range NOEs are shown in panel A. (Reed _& sze_l, 1991), peptide fragments _of an ice
but adopts a helical conformation in 50% TFE and, to a lesser "ucleation protein (Al@t al, 1993), g5-strand region from
extent, in 200 mM SDS. Itis not surprising that the peptide UPiguitin (Mufoz & Serrano,1994), anfistrand fragments
is predominantly unstructured in,8 as this tendency has derived froms-lactoglobulin, (Hamadat al, 1995) as well
been observed for mogtsheet-derived peptides studied in @S fragments from the SH3 domain @fspectrin (Viguera
aqueous solution. For example, peptides derived from aetal.,,1996), have ajl demonstrated this ability. Ofte_n high
B-sandwich protein, plastocyanin (Dysenal, 1992b), and ~ (>50%) concentrations of TFE were used, prompting the
from the all SH3 domain ofa-spectrin (Vigueraet al., question as to Whether.TFE will induce a helical conforma-
1996), show little tendency to adopt secondary structure in tion in any given peptide. Although some model studies
H,O. Minor and Kim (1994) have suggested tifasheet (Thomas & Dill, 1993) have indicated that all sequences will
formation is determined, for the most part, by tertiary context, ultimately become helical in alcohol solutions, there is a
a position supported by Otzen and Fersht, (1995) who stategsubstantial body of evidence to indicate that this is not always
that3-sheets are formed by the alignment of residues distantthe case. For example, a number of peptides that correspond
in the sequence and that interactions with surrounding to B-sheet, loop, and turn regions of proteins are highly
residues are likely to play large roles in determinthgheet ~ disordered in TFE (Segawet al, 1991; Sanichsenet al,
propensities. On this basis it is possible thgwsheet — 1992; Dysoret al. 1992b; Walthoet al, 1993; Shinet al,
formation, in aqueous solution at least, will require relatively 1993a,b). In addition, there have been some observations
large peptide fragments. Certainly, it has proved difficult of stablej-sheet (Luet al, 1984; Martensoret al, 1985;
to use small peptides to study sheet structure as they havéMutter & Altman, 1985; Narayanaret al, 1986) and
tended to self-associate or have solubility problems (Dyson -hairpin (Blancoet al, 1994b; Blanco & Serrano, 1995)
et al, 1992b; Yanget al, 1994). structure in TFE. Consequently, it has been suggested that
The finding that TFE will stabilize a helix in A-sheet- TFE stabilizest-helical structure only in peptides or protein
derived peptide is a more intriguing one, although again not regions with an inherent helical propensity (Segatal.,
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1991; Smnichseret al,, 1992; Hamadat al,, 1995; Shiraki studies, T4 lysozyme fragments (McLemstal, 1993, 1994).
et al, 1995). While these fragments were derived from helical regions of
On this basis, the finding that TFE can bring about a proteins, it has been shown that peptides derived from regions
helical conformation in LYS(1136) suggests that the of g-sheet (Zhong & Johnson, 1992) as well as peptides
sequence of this peptide possesses an intrinsic helicalpredicted to bg-strand (Waterhous & Johnson, 1994) could
propensity. Secondary structure predictions (Table 1) showalso form stable helices in micellar SDS. In addition, the
that, in aqueous solution, LYS(1B6) has a propensity for  latter studies indicated that the sheet peptides were able also
B-turn/sheet formation from residues 6 to 17. As the to form §-strands when placed in nonmicellar SDS (Zhong
hydrophobicity of the solution is increased, the predicted & Johnson, 1992; Waterhous & Johnson, 1994).
region of turn/sheet is extended to residued8. However, Figure 3 shows that at higher SDS concentrations both
placing the peptide in a fully hydrophobic environment brings peptides forma-helices. Below the critical micellar con-
about a major change, with helix now being predicted for centration, LYS(1%+36) formed stablgs-structures, while
much of the sequence. This last prediction corresponds toLYS(59—81) maintained its helical conformation until it
LYS(11—-36) being placed in high concentrations of TFE. aggregated at around 1 mM SDS. This is in accord with
Interestingly, predictions for LYS(136) were in marked  Wu et al.(1981), who proposed that at low molar surfactant/
contrast with those for LYS(5981), a peptide derived from  peptide ratio, S-structure may exist if the peptide has
a helical region of T4 lysozyme, where a helical conforma- S-forming potential. Excess surfactant usually was able to
tion was predicted in all environments (McLeistal,, 1994). disrupt thep-form and, if the peptide had helix forming
Viguera et al. (1996) suggest that TFE, in moderate potential, could convert itinto a helix. To date, the specific
amounts, can reveal low secondary structure propensities ofinteractions between peptides and SDS micelles which induce
protein fragments, not only fow-helical but also for o-helical structure have not been identified, although &vu
B-structure. Given the apparent hydrophobicity-based dif- al. (1982) suggested that, after an initial electrostatic interac-
ferences in predicted structure for the two T4 lysozyme tion, the micellar amphiphiles cluster around the peptide,
peptides, it seemed logical to compare their structures underthereby providing a hydrophobic environment that supports
several different hydrophobic conditions. Most helical an ordered conformation that otherwise would have been
peptides require about 2B0% TFE to attain maximum  disrupted by peptide backbonevater interactions. For
helical conformation (Jasanoff & Fersht, 1994) and, as seeng-structures, Zhong and Johnson (1992) proposed that the
from the CD studies summarized in Figure 2, LYS(%H) hydrophobic tail mimics the environment found in the protein
clearly falls into that category. By contrast, LYS(136) interior while the hydrophilic end of the SDS molecule is
requires at least 40% TFE to form a reasonable helix, andable to keep thg-structure in solution.
the helical population increases up to 80% TFE. Eventhen, The NMR studies, in general, confirm the CD results for
only about 40%u.-helical structure is induced, compared to LYS(11—-36) in water, in 50% TFE, and in SDS micelles.
the 55% observed for LYS(5981) in 50% TFE, as  Both the NOE and chemical shift data are consistent with
determined from the molar ellipticity at 222 nm. Moreover, the peptide adopting a predominantly extended conformation
the clear isodichroic point in Figure 2B indicates that the in aqueous solution, with some turns present near residues
folding of LYS(59-81) is a two-state coil-helix process, 4—5and 18-21. In accord with the CD data, following the
while the folding of the sheet-derived peptide LY S{136) addition of 50% TFE, LYS(1+36) shows a strong helical
appears to proceed via an intermediate structure. The CDpropensity as indicated by observation of strahg(i,i +
spectrum of this intermediate, apparent at 20% TFE, is not 1) NOEs, appearance of many medium-range NOEs and a
unlike that observed during the TFE titration of an analogous number of slowly exchanging NH protons. Chemical shifts
peptide corresponding to the-sheet of HEW lysozyme  also support helical conformations in TFE. For LYS{11
(Yang et al, 1994). In that case, the spectrum was 36)in SDS micelles, the NOE data was more indicative of
interpreted as indicating that the peptide hgastructure” turn-like or nascent helical structures as seen by the appear-
as it was difficult to separate contributions from a variety of ance of manyun(i,i + 2) anddun(i,i + 3) NOEs. The lack
pB-sheet angd-turn structures. CD spectra gfsheets show  of observation of strongnn(i,i + 1) anddg(i,i + 3) NOEs
a much greater variability than do those afhelices indicates that the helical populations are not fully ordered.
(Manninget al, 1988), but regardless of exagétstructure The turn, centered on residue 19, that was observed@ H
LYS(11—-36) adopts, the TFE titration results appear to was also supported by the CSI in SDS micelles. Interest-
substantiate the differences in secondary structure predictedngly, this turn is present in the corresponding region of
for the two peptides. This not only supports the hypothesis crystal structure of T4 lysozyme.
of Jasanoff and Fersht (1994) that TFE titrations can be used Attempts to obtain NMR structural data on LYS(136)
as probes for a peptide’s helical tendencies but also that ofin nonmicellar SDS were unsuccessful. Broad spectra were
Viguera et al. (1996) that moderate amounts of TFE can obtained, presumably due to aggregation at the higher
reveal a propensity fgf-structure. concentrations of peptides, relative to the CD studies,
In addition to TFE, SDS micelles have also been used to necessary to obtain NMR data.
provide a hydrophobic environment and to mimic biological  Implications for T4 Lysozyme Foldindoth HD exchange
membranes. Since the structural propensities of LYS(11 studies (Lu & Dahlquist, 1992) and structure-based predic-
36) and LYS(59-81) seemed to be identifiable by TFE tions (Xie & Freire, 1994) have implicated thfesheet in
titration, we decided to determine whether the peptides would the early events in T4 lysozyme folding. As shown in Figure
adopt different conformations in micellar, and nonmicellar, 9, in the native protein there are two turns connected by three
SDS. Micellar SDS has been used to stabitizbelices in strands to form a triple-stranded antiparafietheet (Rem-
a range of peptides including gastrin analogues (Mammi & ington et al,, 1978; Weaver & Matthews, 1987). The two
Peggion, 1990), bombolitins (Bairaktai al., 1990), utero- turns, involving residues Asp20-Thr21-Glu22-Gly23 and
globin fragments (Tessaei al., 1993), and, in our previous  Gly28-1le29-Gly30 have been described as type 1 and
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B—sheet

Helix B

Helix E

Helix A Helix C

Ficure 9: Ribbon diagram of the crystal structure of T4 lysozyme
generated by Molscript (Kraulis, 1991) showing fhsheet region
and its proximity to the loop and helices A, B, C, and E.

irregular, respectively (Remingtaet al, 1978). The X-ray
structure shows that th&sheet makes as many as 30 close
(within 5 A) contacts with other secondary segments (Rem-
ingtonet al, 1978; Weaver & Matthews, 1987). While most
of these contacts are with helix B and the loop which,
together with the sheet region, form part of an € f)
domain, there are also a number of contacts with helices

and E. In addition, there is a strong salt-bridge between the

f-sheet residue His31 and Asp70 located in helix C which
contributes 3-5 kcal/mol toward the stabilization of the
native structure (Andersaet al.,1990). While clearly these
contacts are important in maintaining the stability of the

Najbar et al.

Such a transition has been reported for a number of peptides,
including the analogous sheet peptide from HEW lysozyme
(Yang,et al.,1994) as well as for intact proteins. Lai al.
(1994) suggest that the unfolded polypeptide chain has a
much greater tendency for formation of helix rather than
pB-sheet, and it is possible that, for T4 lysozyme, a transient
non-native a-helix is initially formed which, after some
stabilizing, longer-range tertiary contacts are established, then
rapidly converts to g-sheet. Such non-native-helical
intermediate formation, prior t8-sheet formation, has been
suggested for two predominantlg-sheet proteins: the
cellular retinoic acid binding protein (Liet al, 1994) and
B-lactoglobulin (Shirakiet al, 1995; Hamadat al., 1995).
Recently, Shirakiet al. (1995) and Hamadat al. (1995)
proposed thaf-sheet formation via-helical intermediates
suggests a nonhierarchical protein folding (Lim, 1978;
Goldenberg, 1992), wherein localized hydrogen bonding may
give rise to accumulation of a nonnatieehelical intermedi-

ate early in the folding. As longer range interactions begin
to predominate, the helix is disrupted or rearranged in order
for the protein to fold into the nativg-sheet structure. To
date there is still limited information aboftsheet formation

Avia a-helical intermediates, and such speculations are a

subject of much debate (Weissman & Kim, 1991; Matthews,
1993; Varleyet al., 1993).

However, there is one piece of evidence which would
mitigate against this being the case for T4 lysozyme. The
HD exchange experiments of Lu and Dahlquist (1992)

pB-sheet, it is not so clear as to whether some or all of the indicate that thgs-sheet region forms rapidly, within 8 ms

contacts are necessary to drive the formation oftisheet.

Nonetheless, it is interesting to note that these three helicesstructure.

of folding, as a somewhat isolated region of secondary
It is unlikely that am-helix could form and

have all been shown to form rapidly, and have been proposedconvert to aS-sheet within this time frame and without

as initiation sites for T4 lysozyme folding (Lu & Dahlquist,
1992; Xie & Friere, 1994).
A recent study by Blancet al. (1994a) showed that, in

undergoing HD exchange. By contrast, flisheet domain
of HEW lysozyme is unable to protect amides from exchange
in the absence of stable, structureddomain, and the

aqueous solution, a 16 residue peptide fragment from thefoymation of theg-domain is one of the slowest events on

B1 domain of protein G adopted a native-lighairpin
structure. This hairpin was further stabilized in 30% TFE/
70% HO (Blanco & Serrano, 1995), and it was suggested
that it may provide a folding initiation site for protein G.

Similarly, agueous TFE solutions have been reported to

stabilize turns in isolated actin (Boichseret al, 1992) and
myoglobin (Shinet al., 1993a) fragments with, in the latter
case, the possibility of the turn being an initiation site also

the folding pathway (Yangt al, 1994). This is possibly
due to a transient population of nonnative structure in the
p-sheet region (Bucket al, 1995) a suggestion more
consistent with thg-sheet formation via-helical intermedi-
ates scenario described earlier.

In conclusion, we have demonstrated that LYS{B6),
a peptide derived from th@-sheet region of T4 lysozyme is

being raised. In the present study, there is strong evidence2ble to adopt a nonnative helical conformation in 50% TFE

for LYS(11—36) residues G18-119-G20-H21 forming a turn and, to a lesser extent, in SDS micelles. TFE and SDS
in water, in SDS micelles and, to a lesser extent, in 50% litrations have been used to test and confirm structure

TFE. In T4 lysozyme these residues correspond to the regionpredictions which indicate that the peptide has a propensity

Gly28-11e29-Gly30-His31, which includes the irregular turn
(Remingtonet al, 1978). When combined with the HD
exchange studies, which found that Gly28 and 1le29 had
protection factors well in excess of 20 (Lu & Dahlquist,
1992), our results certainly suggest that formation of this
turn is one of the earliest events in lysozyme folding.

The results of the titration experiments indicate that the

for S-structure in hydrophilic solution ana-helical propen-
sity in hydrophobic solution. There is evidence that small
populations of a ‘native-like’ turn were present, even in
aqueous solution. The fact that this turn persists in the
absence of stabilizing tertiary interactions suggests that it
may form a nucleation site for the folding of the sheet region
of T4 lysozyme. This lends credence to earlier theoretical

amino acid sequence plays the major part in determining and experimental studies which indicate that the sheet region

which secondary structure is formed for LYS(581), while

for LYS(11—36) the peptide environment plays the dominant
role. Inthese experiments we have seen LYS(38) adopt

an extended conformation, &sheet conformation, or an
a-helical conformation, depending on the solution conditions.
Of particular interest is the ability of LYS(1136) to undergo

a reversible solvent-induceftsheet toa-helix transition.

forms part of an early folding intermediate.

SUPPORTING INFORMATION AVAILABLE

A table of chemical shift assignments for LYS(236) in
the three solvents (6 pages). Ordering information is given
on any current masthead page.
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