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ABSTRACT: A monomeric model peptide, acetyl- WEAQAREALAKEAAARA-amide, has been structurally 
characterized using the complementary techniques of 'H 2D N M R  and circular dichroism. Temperature- 
dependent CD measurements are consistent with a two-state helix/coil transition model and indicate a 65% 
contribution of helical conformers a t  5 O C .  Homonuclear 2D NMR experiments allowed the assignment 
of all proton resonances. The analysis of NOE-type cross-relaxation data established a large number of 
specific short- and medium-range NOE connectivities throughout the peptide, confirming the highly helical 
character of the peptide. However, the observation of long-range NOES between the methyl protons of 
leucine-9 and backbone and side-chain protons of amino acids located at  the N-terminus, as well as other 
unusual NOES, unambiguously reflects the existence of significantly populated nonhelical structured 
conformers, indicating a multiconformational equilibrium. Implications of these observations with regard 
to secondary structure quantitation and current method limitations are discussed. 

Over the last few years, much effort has been directed toward 
elucidating factors important in the protein folding process. 
One approach focuses on investigating protein fragments which 
might adopt nativelike structures. Initially, little structure 
was found in such fragments (Epand & Scheraga, 1968) until 
Brown and Klee (1971) discovered residual helical structure 
in a peptide corresponding to the N-terminal helix of the protein 
ribonuclease A. More recently, additional examples have been 
found of peptide protein fragments exhibiting secondary 
structure(Dysonet al., l985,1988a,b, 1992;Pefiaet al., 1989; 
Goodman & Kim, 1989; Waltho et al., 1989, 1993; Bruch et 
al., 1991). Better understanding of the factors important in 
stabilizing these isolated pieces of secondary structure, 
particularly helices, has been the focus of several recent studies. 
Important contributions originate from charge-helix mac- 
rodipole interactions, side-chain ion-pair electrostatics, and 
the inherent propensity of an amino acid to stabilize a helix 
[see Scholtz and Baldwin (1 992) and references cited therein]. 
A prerequisite for the understanding of the relative weights 
of these contributions is a detailed characterization of the 
peptide conformations populated under various conditions. 

Quantitation of peptide helical structure is often estimated 
using circular dichroism (CD)l with the resulting spectra 
interpreted on the basis of a two-state transition model. 
Circular dichroism spectra reflect the peptide ensemble average 
of the alignment of the dipoles of the helix backbone. 
Theoretically, this technique can be used to quantitatively 
compare the effects of peptide sequence alterations on helicity. 
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However, the inability to observe experimentally the complete 
structural transition of peptides and the large differences in 
estimates of the ellipticity value for a "100%" helical state 
have made CD a semiquantitative technique at best. 

NMR spectroscopy, on the other hand, is well suited to 
study local structure altered by sequence modification or 
experimental conditions (temperature, pH, ionic strength, and 
solvents). Heretofore, NMR has been applied to linear 
peptides rather qualitatively to characterize peptide secondary 
structure via amide and CaH chemical shift analysis, amide 
proton temperature coefficients, hydrogen exchange, 3Jma 
coupling constants, and the presence of short- and medium- 
range NOE connectivities consistent with folded structure 
(Dyson & Wright, 1991). 

The current work describes a detailed NMR and CD analysis 
of a variant of a model peptide previously found to be 
monomeric and apparently completely helical by CD (Merutla 
et al., 1991). Su@stitutionsweremadeat threepositions(Ala-4 
to Gln, Ala-9 to Leu, and Arg-11 to Lys) to reduce the 
anticipated overlap in the NMR spectrum while still preserving 
the highly helical nature of the peptide. The resulting peptide, 
termed Q4L9, is Ac-WEAQAREALAKEAAARA-NH2. It 
is the long-term goal of these studies to characterize a model 
secondary structure by complementary biophysical techniques 
(CD and NMR) in order to increase the insight into the 
potentials and limitations of the methods themselves, to better 
characterize and understand populated subtates, and to obtain 
more quantitative estimates of secondary structure. 

MATERIALS AND METHODS 

Peptide Synthesis and Characterization. Peptide Q4L9 
was manually synthesized on ap-methylbenzhydrylamine resin 
using the in situ neutralization method of SchnBlzer et al. 
(1992). N-Methylpyrrolidone was used in the washing, 
activation, and coupling steps. For each 1 mmol of amino 
acid used in the coupling reaction, 0.95 mmol of 2-(1H- 
benzotriazol- 1 -yl)- 1,1,3,3-tetramethyluronium hexafluoro- 
phosphate (HBTU), 0.95 mmol of 1-hydroxybenzotriazole 
(HOBT), and 1.5 mmol of diisopropylethylamine (DIEA) 
were used. HBTU was obtained from Richelieu Biotech- 
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nologies (Quebec, Canada); HOBT, DIEA, andp-cresol were 
obtained from Aldrich; and Boc amino acids were obtained 
from Peptides International (Louisville, KY). All solvents 
used were HPLC grade or better. The peptide was acetylated 
at the N-terminus with acetic anhydride in dimethylformamide 
containing an equivalent of diisopropylethylamine and cleaved 
from the resin using standard procedures (HFp-cresol ratio 
of 90:10,0 OC for 1 h). The peptide was purified by reversed- 
phase HPLC using a Hamilton PRP-3 semipreparative column 
and an acetonitrile/water gradient containing 0.1% trifluo- 
roacetic acid. Purified peptide eluted as a single peak on an 
analytical column, and the mass:charge ratio using fast- 
atom bombardment mass spectrometry was within one mass 
unit of that expected. 

Circular Dichroism. Circular dichroism spectra were 
measured with an Aviv Associates Model 61DS spectropo- 
larimeter containing a thermostable cell holder. All mea- 
surements were made at pH 5.0 f 0.1 and are expressed as 
mean residue ellipticity, [e], in units of degrees centimeter 
squared per decimole. Peptide concentration was determined 
by measuring the tryptophan maximum absorbance of a 
dilution into 6 M guanidine hydrochloride of a concentrated 
peptide stock solution. An extinction coefficient of 5690 M-' 
cm-I reported for N-acetyltryptophanamide at 280.8 nm 
(Edelhoch, 1967) was used. Sample concentration was 
typically about 20 pM, and the cell path length was 10 mm 
unless otherwise noted. Concentration dependency studies 
were done using cell path lengths ranging from 0.2 to 10 mm 
and peptide concentrations from 2 to 1800 r M  at 5 and 60 
OC. Single scans were obtained by taking points every 0.5 nm 
with a 4-s time constant and a bandwidth of 1.5 nm. Base- 
line-corrected spectra were smoothed using a third-order least- 
squares polynomial with a window size between 6 and 15 
points. The absolute ellipticity of the instrument was 
calibrated using d- IO-camphorsulfonic acid at 290.5 nm 
(Johnson, 1985) and the wavelength calibrated to within 0.1 
nm using the 252.9-, 258.8,-, 260.0-, and 266.7-nm lines of 
benzene vapor. 

Nuclear Magnetic Resonance. All NMR samples were 
prepared in 90% 'HzO/lO% 2H20. The pH was adjusted to 
pH 5.0 f 0.1 by addition of concentrated HCl or NaOH. 
Values reported are pH meter readings uncorrected for the 
deuterium isotope effect. 

NMR spectra were collected on Bruker 500- and 600-MHz 
AMX spectrometers. Low-power irradiation of the water 
signal was applied during the relaxation delay, as well as during 
the mixing time in the case of the NOESY experiments. All 
spectra are referenced with respect to water (4.963 ppm at 
278 K). Two-dimensional NMR spectra were recorded in 
the phase-sensitive mode using time-proportional phase 
incrementation (TPPI) (Redfield & Kunz, 1975; Marion & 
Wiithrich, 1983). Assignments were made from NOESY 
(400-ms mixing time), TOCSY (60-ms mixing time), and 
double quantum spectra (30-ms mixing time) collected at 600 
MHz. NOESY and TOCSY spectra were collected with a 
minimum of 512 experiments (900 and 1000 experiments, 
respectively, for assignments) of 32 scans each. Spectral 
widths were set to 12 500 and 7000 Hz in the w2 and 01 
dimensions, respectively, with the time domain in w2 set to 8K 
points. The double quantum spectrum was recorded with 
1000 t l  points of 32 scans each and spectral widths of 7000 
and 14 000 Hz in the w2 and 01 dimensions, respectively, and 
4K points in t2. The recycling delay in all experiments was 
set to either 1.6 or 1.8 s. Data were collected using sine 
modulation in 11 (Marion & Bax, 1988). NOESY and 
TOCSY spectra were acquired using a Hahn echo to eliminate 
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the need for phase and base-line correction along w2 (Rance 
& Byrd, 1983). 

Temperature coefficients were measured at 288,298,308, 
and 318 K using fast TOCSY spectra (60-ms mixing time at 
600 MHz) as described above but with four scans and without 
Hahn echo. Total data collection time for each fast- TOCSY 
experiment was about 1 h. Spectra were referenced to the 
frequency of water at the respective temperatures. 

ROESY spectra were collected at 500 MHz at 275 K at 
various mixing times (50, 100, 150, and 200 ms) with 750 
experiments of 32 scans each. Spectral widths were set to 
12 500 and 7000 Hz in the 02 and w1 dimensions, respectively, 
with 8K points in the t 2  domain. The recycling delay was set 
to 1.6 s, and data were collected using sine modulation in 01. 

Scalar J H N ~  coupling constants were measured using both 
1 D and 2QF COSY spectra at 500 or 600 MHz. Cross sections 
of COSY cross-peaks with increased digital resolution (32K 
points) were analyzed along 02. The separations between 
antiphase absorptive and dispersive peak extrema were 
extracted and translated into J coupling constants using the 
method of Kim and Prestegard (1989). 1D in-phase doublets 
were resolution-enhanced by apodization with an increasing 
exponential followed by a skewed cosine-bell function. 

Data were processed on Convex C240 or SUN 4 computers 
using FTNMR or FELIX (versions 1.1 and 2.0) software 
provided by Dr. Dennis Hare. Apodization using Lorentzian 
to Gaussian transformation or shifted sine-bell window 
functions was applied in both dimensions, and data were zero- 
filled to 4096 points prior to Fourier transformation in t l .  
Linear base-line correction was applied to all spectra along 

Analytical Ultracentrifugation. Data were collected on a 
Beckman XL-A analytical ultracentrifuge running at 35 000 
rpm and 20 OC. A dilute sample (0.1 mM) was run using a 
12-mm path length centerpiece and measured at 276 nm, and 
the concentrated sample (5 mM) used a 3-mm centerpiece 
and was measured at 301 nm. The data were fit to a single 
ideal species model, as well as monomer-dimer and monomer- 
tetramer models using a nonlinear least-squares data analysis 
algorithm. A partial specific volume of 0.73 1 mL/g and a 
solvent density of 1 .OO g/mL were used for calculations. 

RESULTS 

w2. 

Aggregation Tests. Although the parent peptide (Marqusee 
& Baldwin, 1987; Merutka et al., 1991) was designed to be 
monomeric by uniformly displaying charged residues when in 
a helical conformation, introduction of tryptophan at position 
1 and leucine at position 9 in Q4L9 raised the possibility of 
peptide aggregation. The molar ellipticity at 222 nm is 
independent of concentration from 2 to 1800 pM and at two 
different temperatures (5 and 60 "C). Thestateof association 
was determined independently using analytical ultracentrif- 
ugation at 20 OC. Dilute and concentrated peptide solutions 
(0.1 and 5 mM, respectively) displayed nonassdative behavior 
and gave monomer molecular masses of 2053 and 2196 g/mol, 
respectively. The molecular mass determined by FAB-mass 
spectroscopy, 1881 g/mol, is within the expected error of the 
centrifugation results. These experiments confirm that peptide 
Q4L9 does not form a stable aggregate at the concentrations 
used in this study. 

Circular Dichroism. Circular dichroism spectra of peptide 
Q4L9 as a function of temperature are shown in Figure 1A. 
At low temperature, the spectrum exhibits characteristics of 
a helical structure, having a maximum at about 195 nm and 
double minima at 208 and 222 nm (Holzwarth & Doty, 1965). 
As the temperature is increased, the resulting spectra indicate 
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FIGURE 1: CD spectra of Q4L9 (Ac-WEAQAREALAKEAAARA- 
NH2) as a function of temperature. Panel A shows the spectra at 
various temperatures (reading upward at 222 nm: 2, 6, 10, 18, 26, 
40, and 75 "C). Panel B displays the dependence of the molar 
ellipticity at 222 nm with respect to temperature. The peptide 
concentration was 15 wM, and samples contained 1 mM phosphate 
buffer at pH 5.0. 

a gradually more disordered conformation (Woody, 1992). 
The existence of an isodichroic point at  203 nm is consistent 
with a Zimm-Bragg-type peptide structure model. 

Resonance Assignment and Spin System Identification. 
Complete proton resonance assignments were made using 
TOCSY, double quantum, and NOESY spectra following 
standard procedures [e.g., see Chazin et al. (1988)l. In- 
traresidue spin systems initially were identified using con- 
nectivities in the TOCSY spectrum, and the fingerprint region 
of this spectrum is well resolved with respect to the different 
spin systems (Figure 2). This region of the spectrum also 
allows identification of nitrogen side-chain protons of Arg-6, 
Lys-11, and Arg-16. The NV protons in each arginine side 
chain were found, as expected, to form intraresidue exchange 
cross-peaks with each other in the ROESY spectrum. The 
NV protons for both arginines were correlated to the rest of 
the side chain using NOESY and ROESY spectra. The 
NOESY spectrum was also used to link the side-chain ring 
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FIGURE 2: Portion of a 600-MHz TOCSY spectrum with a mixing 
time of 60 ms for spin system identification. Vertical lines connect 
the cross-peaks of spins within the same amino acid. The spectrum 
was measured at pH 5.0 and 278 K. 

of Trp-1 to the rest of its spin system. The two Ne protons 
of Gln-4 were identified in the TOCSY spectrum (data not 
shown). 

The two nearly degenerate methyls of Leu-9 (0.845 and 
0.860 ppm), which were unresolvable in TOCSY and NOESY 
spectra, were resolved using the double quantum spectrum. 
Direct connectivities at (w2 = oy or W6, w1 = wy + 0 6 )  and 
remote connectivities at (w2 = wy, w1 = w6 + wa) and ( 0 2  = 

Table I: 'H NMR Chemical Shifts (ppm) of Q4L9 (pH 5.0, 278 K)' 
residue NH C'H CBH CTH CdH other 

acetyl 
Trpl 8.220 4.390 3.190,3.360 

2.030 (CH3) 
10.180 (NeH); 7.310 (C*IH); 7.415 (Cc3H); 7.020 (CBH); 

7.125 (CV2H); 7.410 (CnH) 
Glu-2 8.385 3.550 1.455, 1.625 1.425, 1.770 
Ala-3 8.105 3.955 1.340 
Gln-4 7.925 4.025 2.050,2.050 2.320, 2.400 6.870,7.520 (NeH) 
Ala4 8.250 4.065 1.385 
Arg-6 8.110 3.975 1.805, 1.850 1.515, 1.715 3.090, 3.145 7.335 (N'H); 6.480,6.905 (NIH) 
Glu-7 8.180 4.085 2.020,2.045 2.265,2.355 
Ala-8 8.070 4.130 1.465 
Leu-9 7.995 4.100 1.545, 1.780 1.735 0.845,0.860 
Ala-10 7.970 4.165 1.450 

Glu-12 8.020 4.090 2.070,2.070 2.280,2.390 
Ala-13 8.160 4.055 1.420 
Ala-14 7.995 4.150 1.415 
Ala-15 7.835 4.165 1.435 
Arg-16 7.845 4.155 1.825, 1.825 1.605, 1.715 3.130, 3.155 7.340 (N'H); 6.490,6.915 (NVH) 
Ala-17 7.795 4.160 1.390 
NH2 7.195,7.290 

Lys-11 8.190 4.060 1.870, 1.870 1.375, 1.550 1.635, 1.635 2.910,2.910 (C'H); 7.600 ("3) 

Chemical shifts are referenced to the H20 resonance at 278 K (4.963 mm). Chemical shifts have errors of f0.005 Dum. 
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FIGURE 3: Portions of a 600-MHz NOESY spectrum with a mixing 
time of 400 ms at 278 K. Sequential daN connectivities are indicated 
in panel A whereas d m  connectivities are displayed in panel B. The 
same connectivities were obtained at shorter mixing times (50, 100, 
and 200 ms). 
wy, 01 = 0 6 1  + waz) are characteristic of two overlapping methyl 
resonances. However, the methyl frequencies could be 
distinguished using the forbidden combination cross-peaks at 
(w2 = wal,o1 = 3061 - oy) and (w2 = W62, w1 = 3w82 - 07), 
which arise from differential intramethyl relaxation (Miiller 
et al., 1987; Kay et al., 1988; Rance et al., 1989). All proton 
correlations were cross-checked, and methylene proton as- 
signments were completed using the double quantum spectrum. 

Sequence-Specific Assignments. Sequential assignments 
were made using short- and medium-range NOE connectivities 
initially from a 400-ms spectrum and subsequently from a 
1 OO-ms NOESY spectrum following standard procedures 
(Wiithrich, 1986). Complete sequence-specific assignments 
at 278 K, pH 5.0 in H20, are listed in Table I. The backbone 
CaH-NH and NH-NH regions of a 400-ms NOESY 
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FIGURE 4: Summary of the interresidue NOEs for Q4L9 at 278 K. 
The varying heights of the filled bars correspond qualitatively to the 
relative volumes of the NOES. The unfilled bar corresponds to the 
NOE volume between Ala-17 and one of the two protons in the 
C-terminal amide blocking group. Asterisks indicate connectivities 
which could not be resolved due to overlap. Data were obtained from 
a 600-MHz NOESY spectrum with a mixing time of 400 ms. 
Connectivities and relative cross-peak volumes were confirmed with 
a NOESY spectrum collected with a shorter mixing time of 100 ms. 

spectrum are displayed in panels A and B, respectively, of 
Figure 3. Short- and medium-range backbone NOEs, in- 
cluding NH-NH(i,i+l) and -(i,i+2), CaH-NH(i,i+l), 
-(i,i+3), -(i,i+4), and -(i,i+2), and CaH-C@H(i,i+3), are 
observed and are summarized in Figure 4. All asterisks and 
gaps in Figure 4 indicate resonance overlap which precludes 
unambiguous assignment. The varying bar heights of the 
short-range NOE connectivities correspond to relative NOE 
volumes. The presence of NH-NH(i,i+l) and C@H-NH- 
(i,i+ 1) NOE connectivities indicates that peptide Q4L9 
contains a significant population of conformers with dihedral 
angles in the a-region of (cf~,$) space (Billeter et al., 1982; 
Wiithrichet al., 1984;Dyson &Wright, 1991). Furthermore, 
the presence of medium-range NOE connectivities [CaH- 
NH(i,i+3) and -(i,i+4), and CaH-C@H(i,i+3)] throughout 
the length of the peptide reflects a significant population of 
helical conformers (Wiithrich et al., 1984; Wiithrich, 1986). 

Unusual Long-Range NOEs. Additional long-range NO& 
were observed between the methyls of Leu-9 and the ring 
protons of Trp-1 as well as the backbone amide protons of 
residues 5-1 1, as shown in Figure 5. NOE cross-peaks to the 
ring protons are strong even at mixing times as short as 50 
ms (Figure 6). NOE buildup curves involving Leu-9 methyls 
are comparable to those for other NOE cross-peaks (Figure 
6). The behavior of all NOE intensities shown makes clear 
that these connectivities are not caused by spin diffusion. Other 
unusual NO& involving backbone amides and side-chain CBH 
and CTH protons are shown in Figure 5. Additional NOEs 
between the side-chain indole proton of Trp-1 and the C@H 
protons of Gln-4, Ala-5, and Ala-8 and the CyH protons of 
Glu-2 and Gln-4 are also observed (data not shown). 

DISCUSSION 

Circular Dichroism. The presence of a significant amount 
of helix in peptide Q4L9 is obvious from the CD spectra at 
low temperatures (Figure 1). However, circular dichroism 
can only give a global view of the helical population and cannot, 
for example, discriminate between cases in which one part of 
the peptide is 100% helical and the remaining part unstructured 
or in which the entire molecule is in dynamic equilibrium 
between a completely helical and a disordered state or a 
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the complete conformational transition between the coil and 
the fully helical state of monomeric peptides (Merutka et al., 
1990, 1991; Scholtz et al., 1991), possible contribution from 
aromatic side chains at  222 nm (Chakrabartty et al., 1993; 
Woody, 1978), and uncertainty in the length dependence of 
the helix signal past three turns of helix (Chen et al., 1974; 
Madison & Schellman, 1972; Woody & Tinoco, 1967; 
Manning & Woody, 1991; R. W. Woody, personal commu- 
nication). Despite these uncertainties, helix propensity scales 
from a variety of test systems are qualitatively in agreement 
(Chakrabartty & Baldwin, 1992). Better quantitation might 
be expected by comparison with results from NMR, which 
provides more specific structural information at a level not 
obtainable by circular dichroism. 

Peptide Q4L9 is estimated to be about 65% helical at 278 
K using [e1222 values of approximately +500 and -40 500 deg 
cmz dmol-l for the disordered and completely helical states 
(Merutka et al., 1991; Scholtz et al., 1991). [If a value of 
-32 000 deg cm2 dmol-l for 100% helicity is taken (Lyu et al., 
1990), the helicity estimate for Q4L9 rises to about 83%.] 
The helicity is significantly less than that estimated for the 
parent peptide Ac-W(EAAAR)~A-NHZ, 80% helical (if 100% 
helicity corresponds t o 4 0  500 deg cmzdmol-I), under similar 
conditions (Merutka et al., 1991). This reduction in helical 
content is attributed to substitution of three residues in the 
parent sequence by amino acids of lower helical propensity: 
Ala-4 to Gln, Ala-9 to Leu, and Arg-11 to Lys [see 
Chakrabartty and Baldwin (1992) and references cited 
therein]. Fractional helix content in a peptide, as indicated 
by CD, is likely to originate from a mixture of completely 
helical, disordered, and a significant number of partially helical 
states. The ellipticity at 222 nm can also be influenced by 
distortions of the helix backbone resulting in deviation from 
the ideal helix hydrogen bond geometry (Manning et al., 1988). 
The existence of an isodichroic point (Figure 1A) suggests 
the system can be described with a Zimm-Bragg-type model. 

NMR Chemical Shifts. Several NMR parameters provide 
information on the amount of secondary structure present in 
peptides in solution. Perhaps the most empirical method 
focuses on the change in chemical shift of backbone protons 
relative to experimental random-coil values (Bundi & 
Wuthrich, 1979; Wishart et al., 1991). Deviations from 
random-coil values of CaH and N H  protons are indicative of 
secondarystructure (Dalgarno et al., 1983; Pardi et al., 1983; 
Sziligyi & Jardetzky, 1989; Williamson, 1990; Wishart et 
al., 199 l ) ,  complementing traditional analysis using medium- 
range NOE connectivities (see below). 

A plot of the CaH and N H  proton chemical shifts of peptide 
Q4L9 relative to random-coil values [at 35 OC; Bundi & 
Wuthrich (1979)l is shown in Figure 7. The CaH and N H  
proton chemical shifts of peptide Q4L9 are shifted upfield 
relative to random-coil values, indicating helical structure 
(Sziligyi & Jardetzky, 1989; Williamson, 1990; Wishart et 
al,, 1991). In contrast to recent reports for other helical 
peptides (Kuntz et al., 1991; JimCnez et al., 1992; Zhou et al., 
1992), the amide proton chemical shifts of Q4L9 show no 
periodicity. Periodicity in chemical shift has been attributed 
to periodicity of hydrophobic residues (Blanc0 et al., 1992) 
and/or hydrogen bond length (Zhou et al., 1992), suggesting 
a curved helical structure. The lack of substantial amide 
chemical shift periodicity in peptide Q4L9 is probably because 
the peptide is not amphipathic, in contrast to most helical 
peptides isolated from proteins (JimCnez et al., 1992), and is 
consistent witha regular helicalstructure (Blancoet al., 1992). 
The chemical shift differences observed for the CaH and NH 
protons at the N- and C-termini of Q4L9 are, however, 
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FIGURE 5: A portion of a 500-MHz spectrum with a mixing time 
of 200 ms taken at 275 K is displayed. Long-range interactions of 
the Leu-9 methyls (at about 0.83 ppm) to the Trp-1 side chain as 
well as backbone amide protons are indicated. The appearance of 
some of these cross-peaks is not consistent with an ideal a-helix. 
NOE connectivities not consistent with an ideal a-helix between C5H 
or C7H protons and backbone amide protons are labeled within boxes. 
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FIGURE 6: NOE buildup curves of selected cross-peaks. Panels A, 
B,C, andDshow buildupcurvesofaN(i,i+l), NN(i,i+l), backbone 
amide to Leu-9 C6H3, and Trp-1 side-chain protons to Leu-9 CdH3 
cross-peaks, respectively. Data were obtained at 500 MHz and 275 
K. 

combination of both possibilities. Quantitation by circular 
dichroism is further complicated by the fact that there is no 
general consensus on the ellipticity value at 222 nm for a fully 
folded helix. The recent literature gives ellipticity values 
ranging anywhere from -28 000 to - 4 2  000 deg cmz dmol-l. 
This uncertainty originates from the difficulty of observing 
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account. Random-coil temperature coefficients have been 
previously estimated for only a few residues (Jim6nez et al., 
1986) and can be rather large, e.g., -6.9 to -8.6 ppb/K at pH 
3.0 for an alanine residue. Since random-coil chemical shifts 
and temperature coefficients are not available for all residues 
in Q4L9 at the conditions being studied, no attempt has been 
made to quantitate secondary structure using chemical shift 
data. 

There are, however, irregularities in the chemical shifts of 
Q4L9 that suggest deviation from an ideal helical structure. 
The amide proton chemical shift of Ala-I 3 is small relative 
to the shifts of adjacent residues. This might reflect a distortion 
of the helix affecting the hydrogen bond with Leu-9 (see below 
for a more detailed discussion). No definitive statements can 
be made regarding the irregular chemical shifts of the amide 
protons of the first five residues (Figure 7B), since these could 
arise either from altered hydrogen bonding or from ring current 
contributions from the side chain of Trp-I. Ring currents 
might also explain the rather large upfield shift of the CaH 
carbon of Glu-2 (Figure 7A). 

In summary, the upfield shifts observed for the CaH and 
NH resonances of Q4L9 are in general agreement with the 
circular dichroism results in suggesting the presence of a 
significant amount of helix. The chemical shift data suggest 
that there may be some distortions in the backbone of the 
N-terminus as well as around Leu-9. 

Information on hydrogen-bonding interactions in peptides 
can be obtained by measurement of the temperature depen- 
dence of amide proton chemical shifts (Ohnishi & Urry, 1969; 
Dyson et al., 1988; Gellman et al., 1991). Temperature 
coefficients for Q4L9 are shown in Figure 7C and vary from 
+2.8 to -5.6 ppb/K, suggesting that some strong hydrogen 
bonds are formed. For comparison, the temperature coefficient 
of an alanine residue in a random peptide under identical 
conditions is -8.6 ppb/K (Merutka and Wright, in prepa- 
ration). 

Scalar J Couplings. A second way to estimate secondary 
structure relies on the use of scalar 3JHNa coupling constants 
(Karplus, 1959; Bystrov, 1976). Due to strong overlap of 
most of the NH resonances in the ID spectrum, an attempt 
was made to extract the Jcoupling constants from NH-CaH 
cross-peaks in the 2QF COSY spectrum according to the 
method of Kim and Prestegard (1989). Coupling constants 
were measured from spectra recorded at different temperatures 
to resolve resonance overlaps. The best dispersion was obtained 
at 298 K where 11 couplings could be resolved in the 2QF 
COSY spectrum, 4 of which could also be observed in ID 
spectra (Figure 8). The data for Glu-2, Glu-7, Leu-9, and 
Ala-I7 illustrate a systematic discrepancy between Jcoupling 
constant estimates obtained from antiphase 2D data and 
resolution-enhanced in-phase ID data. In all cases, the ID 
in-phase splitting is smaller than the coupling extracted from 
2QF COSY cross-peaks. Only a small change in J coupling 
constants obtained from 2QF COSY spectra was observed 
with increasing temperature (Figure 8). This is in agreement 
with the slight increase of about 1 Hz of the J coupling 
constants of two always well-resolved amide protons in the 
1 D spectrum, Glu-2 and Glu-7, as the temperature is increased 
from 298 to 328 K. 1 D coupling constants were not obtainable 
at lower temperatures due to a combination of small couplings, 
increased line broadening, and cross-peak overlap. Overall, 
the scalar 3JHNa coupling data are consistent with other NMR 
data suggesting that peptide Q4L9 contains a high helical 
population to both the N- and C-termini. 

NMR Cross-Relaxation. The most unambiguous indication 
of secondary structure is obtained from characteristic patterns 
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FIGURE 7: Plot of the chemical shift differences of the CaH and 
backbone NH protons of each residue and their random-coil value 
(Bundi & Wiithrich, 1979). Data were obtained at pH 5.0 and 278 
K at 600 MHz. Panel C displays the measured temperature 
coefficients obtained from fast TOCSY spectra (60-ms mixing time) 
every 10 K in the temperature range 278-318 K. The dashed line 
in panel C corresponds to the temperature coefficient of an alanine 
amide in a random peptide. 

consistent with the differential effect observed in helices in 
some proteins (Williamson, 1990); i.e., the NH protons at the 
C-terminus have a more upfield chemical shift than those at 
the N-terminus (Figure 7B); the opposite case applies to CaH 
protons (Figure 7A). Estimation of helicity based on C*H 
upfield shifts as suggested recently (Rizo et al., 1993) yields 
results that are comparable with the helicity values obtained 
by CD. Furthermore, the magnitude of the upfield shifts of 
the backbone NH and C*H protons is similar to theoretical 
CaH and NH proton chemical shifts of -0.2 to -0.3 ppm for 
a regular polyalanine a-helix (Blanco et al., 1992; K. Osapay 
and D. A. Case, personal communication). 

Quantitative structural interpretation of chemical shift data 
is principally restricted by the fact that different contributions, 
such as electrostatic effects, ring current shifts, and other 
magnetic anisotropies (Harris, 1986), can affect the chemical 
shift values significantly. Furthermore, the decomposition of 
the chemical shift into an intrinsic or “random coil” part and 
a “structural” part is justifiable from a theoretical point of 
view, but is difficult to realize in practice, since the “random 
coil” values have to be determined for the specific conditions 
(temperature, pH, solvent) under which the system is studied. 
A complete set of amino acid random-coil values in water 
measured at 35 OC and pH 7 has been published (Bundi & 
Wiithrich, 1979). Nevertheless, since amide protons are 
particularly sensitive to changes in environment such as 
temperature or pH, a more quantitative chemical shift analysis 
would need to take changes in random-coil values better into 
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ablefor all residues due to spectral overlap. The above analysis 
includes integration of four spectra measured at different field 
strengths and different NOESY mixing times (1 00-ms mixing 
time at 500 MHz and loo-, 200-, and 400-ms mixing times 
at 600 MHz, respectively). The experimental error in these 
helicity estimates ranges between 1% and 4%. This analysis 
confirms the conclusion from the NOE connectivity diagram 
(Figure 4) that backbone dihedral angles in the a-helical region 
of ($,#) space extend to both termini. However, the very 
high average helicity calculated is inconsistent with both the 
3&Na coupling constant and the CD data. Considering that 
the underlying two-state model is not very realistic, the 
calculated helicity using these simple NOE ratios in the above 
method should not be taken too literally. 

The above discussion involving chemical shift changes, 3&Na 
coupling constants, NOE volume ratios, and medium-range 
connectivities gives little indication that other nonhelical 
structured states are present. However, the CD data suggest 
that Q4L9 is not fully helical. A more detailed examination 
of the NMR data also provides evidence for distortions from 
a regular a-helical structure, since long-range NOE connec- 
tivities are observed between the Leu-9 methyls and the side 
chain of Trp-1 (Figure 5). Molecular modeling shows that 
extreme back-folding of the Trp-1 side chain onto the helix 
backbone accompanied by suitable orientation of the Leu-9 
side chain can bring the Trp-1 C'QH and CDH protons into 
a 4-A range of the Leu-9 C6H3 protons. At the same time, 
however, the distance to Trp-1 N'H and C6H is in the range 
of 6-9 A. Similarly, the side chain of Leu-9 cannot satisfy 
simultaneously NOEs to the Trp- 1 side chain, the Leu-2 CuH 
proton (data not shown), and the N H  proton of Ala- 13. Thus, 
the NOE spectrum is incompatible with the static helix model. 

Potential interpretations of these NOEs are extended spin 
diffusion along the helix axis, aggregation, anisotropic tum- 
bling, or the presence of additional and more flexible backbone 
conformations. Spin diffusion can be excluded since these 
long-range NOEs are present at even very short mixing times 
and are also part of the linear portion of the NOE buildup 
curve (Figure 6C,D). The concentration independence of the 
CD signal and analytical ultracentrifugation results indicate 
that Q4L9 is monomeric at NMR concentrations. If theTrp-1 
to Leu-9 NOEs were due to anisotropic tumbling, additional 
long-range NOEs between other pairs of side-chain protons 
along the helix axis would be expected, but are not observed. 
The most likely explanation is therefore the Occurrence of 
multiple conformations involving a helical backbone structure 
and at least one alternative backbone conformation, allowing 
the clustering of Leu-9 with the N-terminal side chains. Weak 
and medium strength backbone NOEs are also observed that 
are not entirely consistent with a regular a-helix: NH-CuH- 
(i,i+l) for Trp-1 and Glu-2 and NH-NH(i,i+3) for T r p l  
(Figure 3) as well as numerous interactions involving the N H  
or CSH protons of residues Ala-5 and Ala-8 (Figure 5). The 
proton-proton distances for these unusual NOEs range 
between 4.5 and 8 A in a regular a-h'elix (Wiithrich et al., 
1984). These interactions clearly depict the presence of one 
or more nonhelical substates, perhaps involving a bend in the 
N-terminus, which would be missed in a traditional analysis 
solely based on backbone connectivities. Other unusual NOES 
involving amide backbone and CSH protons are also observed 
to a lesser extent in the C-terminal region of the peptide, 
suggesting backbone distortions in this region as well. 

It has been suggested that short alanine peptides of similar 
sequence may be predominantly 3 lo-helical instead of a-helical 
(Miick et al., 1992). However, our CD and NMR results on 
Q4L9 do not support this conclusion. Calculated CD spectra 
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FIGURE 8: Resolvable scalar 3 J ~ ~ a  coupling constants extracted from 
a 2QF COSY (e) at 298 K and 500 MHz, from a 1D spectrum (0) 
at 298 K and 600 MHz, and from a 2QF COSY spectrum (A) at 
278 K and 600 MHz are displayed. The error bars indicate the 
variation of J couplings extracted from the upper and lower half of 
the same COSY cross-peak. Coupling constants from repeat 2QF 
COSY experiments were found to differ by less than 0.5 Hz. J 
coupling constants from 1 D spectra were measured after apodization 
with an increasing exponential followed by a skewed cosine-bell 
function. The dashed arrows indicate the change of the apparent 
splittings before and after apodization (0.3-0.6 Hz). Coupling 
constants from 1D spectra were not obtainable at 278 K. 

of short- and medium-range NOESY cross-peaks. The 
observation of the intense sequential NOE connectivities NH- 
NH(i,i+l) and CBH-NH(i,i+l) suggests that the peptide 
contains a significant population of conformers with dihedral 
angles in the a-region of (&#) space (Billeter et al., 1982; 
Wiithrich et al., 1984; Dyson & Wright, 1991). However, 
observation of additional medium-range connectivities is 
necessary to confirm that folded conformations are present. 
In the caseof Q4L9, medium-rangeNOE connectivities [CuH- 
NH(i,i+3), CaH-NH(i,i+4), and CuH-C@H(i,i+3)] along 
the entire peptide backbone provide unambiguous evidence 
for a significant population of helical conformers. These 
medium-range NOEs extend to both the N- and C-termini, 
suggesting that the helix is not extensively frayed at the termini. 
This is in contrast to what has been assumed for highly helical 
peptides of similar sequence (Chakrabartty et al., 1993) and 
is in contrast to most other peptide helical systems in which 
medium-range connectivities to the termini are not observed 
either in aqueous systems (Dyson et al., 1988, 1992; Waltho 
et al., 1989, 1993; Bradley et al., 1990) or in the helix- 
stabilizing solvent trifluoroethanol (Dyson et al., 1988; Storrs 
et al., 1992). However a small extent of end-fraying is 
suggested by the relative intensity of the resolvable CaH- 
NH(i,i+3) cross-peaks; the intensities of these cross-peaks at 
the N-terminus (Trp-1 and Glu-2) are 6040% of those 
involving residues in the middle of the helix. It is unclear 
whether these differences can be attributed strictly to end- 
fraying or whether sequence-specific interactions play a part. 
In contrast, intensities of CuH-NH(i,i+4) cross-peaks appear 
to be more uniform throughout the sequence. 

Quantitation of the amount of helix present in peptides 
using cross-peak intensity ratios for NH-NH(i,i+ 1) and C"H- 
NH(i,i+ 1) NOE connectivities has been suggested by Bradley 
et al. (1990). This analysis is based on the simplified 
assumption that each amino acid is in a dynamic equilibrium 
between only two states, an a-helical and an extended state 
[@-region of (9,#) space]. Applying this method to the 
NOESY data of Q4L9 reveals a calculated helix population 
ranging between 88 and 96% for the N-terminal half of the 
peptide [Trp-1, 91%; Glu-2, 90%; Ala-3, 96%; Gln-4, 94%; 
Ala-5, 91%; Arg-6, 88%; Glu-7, 88%; Ala-10, 94%; Lys-11, 
93%; Glu- 12,92%; Ala- 17,72% and 8 1% (for the two protons 
of the terminal NHz blocking group)]. Data are not avail- 
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for the a-helix and 3lo-helix suggest that although both types 
of helices have similar intensities at 222 nm, a 3lo-helix should 
have a much more intense band at 208 nm than at 222 nm 
(Manning & Woody, 1991). Thus, CD data imply that Q4L9 
is predominantly a-helix rather than 310-helix, as indicated 
in Figure 1A. 

A cursory NMR analysis cannot readily distinguish the 
relative populations of a- and 310-helical structures. Static 
model calculations show that a- and 310-helices give rise to 
rather similar NMR observables (Wiithrich et al., 1984; 
Wagner et al., 1986). Therefore, distinction and quantitation 
of these two types of helix using experimental NMR data 
would need to take into account also motional effects such as 
local flexibility and multiple conformations. Qualitatively, 
the presence of CaH-C@H(i,i+3) and CaH-NH(i,i+3) NOE 
connectivities only indicates the presence of helix (a or 310); 
however, the presence of CnH-NH(i,i+4) connectivities 
throughout the peptide (Figures 3A and 4) strongly suggests 
the existence of a-helical structure in peptide Q4L9. Nev- 
ertheless, since CaH-NH(i,i+2) NOES are also observed, it 
is possible that significant transient subpopulations of nascent 
or 3 10-helical conformations are present in the conformational 
ensemble, as seen in molecular dynamics simulations of helical 
peptides in aqueous solution (Daggett & Levitt, 1992; Soman 
et al., 1991; Tirado-Rives & Jorgensen, 1991). 

Merutka et al. 

CONCLUSIONS 

Although both biophysical methods, CD and NMR, used 
in the present work are well suited for a qualitative estimation 
of secondary structure, a quantitative analysis is significantly 
more complex. Translation of observed NOE intensities into 
an ensemble of interconverting structures is by no means trivial. 
Procedures used for the generation of protein structures on 
the basis of NMR data based on distance geometry (Have1 
& Wiithrich, 1984; Braun &Go, 1985)or restrainedmolecular 
dynamics (Kaptein et al., 1985; Clore et al., 1985) tend to fail 
to describe a multiconformational equilibrium since they bias 
the conformational search toward a single static structure 
that simultaneously satisfies as best as possible all of the 
ensemble-averaged experimental data. More recently, pro- 
tocols have been developed and applied (Torda et al., 1990; 
Briischweiler et al., 1991) using an NMR constraint-driven 
search of conformational space to explain experimental data 
in terms of true ensemble averages. Extension of such protocols 
to helical peptides is likely to improve the quantitative 
characterization of conformational ensembles of linear pep- 
tides. 

CD, on the other hand, probes the peptide conformational 
ensemble in a rather low-dimensional conformational subspace 
that emphasizes the Occurrence of aligned electric dipoles. 
CD might indicate but cannot further characterize structural 
substates. The appearance of an isodichroic point for peptide 
Q4L9, in Figure l A ,  for example, is consistent with but does 
not prove a two-state helix/coil transition. CD, however, does 
not allow further structural characterization of nonhelical 
substates involving interactions between Trp- 1 and Leu-9. 

In the present study, we have shown that a "standard"-type 
analysis of the NMR data suggests a highly helical molecule 
but gives little information on helix quantitation and does not 
allow conclusions regarding the presence of nonhelical or 
distorted helical, well-structured peptide substates. CD data 
suggest a high degree of overall helicity but at the same time 
unambiguously indicate that the molecule is not completely 
helical. This observation is supported by detailed examination 
of the NMR spectrum, in particular the region involving side- 
chain NOES, revealing the presence of non-a-helical con- 

formers. It is uncertain at this point whether the presence of 
Trp 1 and Leu-9 causes the formation of nonhelical or distorted 
helical substates or if these two amino acids represent fortuitous 
markers monitoring these nonhelical states. 

It is clear that on a qualitative level CD and NMR 
complement each other in secondary structure characteriza- 
tion. Quantitatively, however, it is difficult to improve 
interpretation of peptide CD data beyond assuming a two- 
state model. This can be attributed to the uncertainties in 
obtaining spectroscopic reference values for well-defined 
conformational states. In addition, theoretical CD calculations 
often have difficulty in recreating both the shape and 
magnitude of spectra commonly attributed to a particular 
secondary structure (e.g., the 208- and 222-nm minima in 
helices) if precise dihedral angle information is not available 
(Manninget al., 1988; Manning & Woody, 1991). Although 
more work-intensive, NMR studies, on the other hand, have 
the potential to provide a more realistic pictureof linear peptide 
conformational substates populated in solution. Progress in 
this direction requires, as suggested in this work, inclusion of 
all available NMR information, in particular long-range NO& 
involving side-chain protons and improved computational 
methods that allow efficient searching of available confor- 
mational space. 
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