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ABSTRACT: A detailed nuclear magnetic resonance analysis of the isolated LamB signal peptide
(MMITLRKLPLAVAVAAGVMSAQAMA) under conditions defined by circular dichroism spectra to
mimic the conformational distribution of this peptide in membranelike environments has provided a description
of specific residue conformational preferences. This 25-residue long peptide in 20 mol % trifluoroethanol
in water is in dynamic equilibrium between a helical and a more random conformation, and this equilibrium
is shifted toward the more random structure as the temperature is raised. Part of the molecule, residues
10-18, exists in a stable helix at all temperatures studied (5, 25, and 50 °C). Propagation of the helix through
the C-terminal end occurs at 25 °C, while the temperature must be lowered to 5 °C to observe any significant
population of a helical conformation in the N-terminal region. These results argue that the Pro and Gly
residues, which flank the helical segment, act to disfavor helix propagation on their N- or C-terminal sides,
respectively. The influence of the Pro residue is stronger than that of the Gly. Furthermore, the most stable
part of the helix in this signal peptide under the conditions studied is the hydrophobic core, which is the

hallmark of functional signal sequences.

Signal sequences represent good candidates for character-
ization of secondary structure formation in isolated fragments
of polypeptide chain for several reasons. Signal sequences are
relatively short (15-30 amino acids), highly hydrophobic se-
quences which perform several crucial cellular functions. [For
reviews, see Briggs and Gierasch (1986), Rapoport (1986),
Randall et al. (1987), and Gierasch (1989).] These N-ter-
minal sequences constitute the most general requirement for
protein export and are essential for selective targeting of
nascent protein chains either to the endoplasmic reticulum,
in eukaryotes, or to the cytoplasmic membrane, in prokaryotes.
However, there is little primary sequence homology among
signal sequences despite the performance of similar, critical
cellular functions. Therefore, signal sequences represent
challenging cases for deciphering the relationship between the
primary sequence and the conformations and interactions of
the polypeptide chain. The formation of secondary structure
in signal sequences also is important since the presence of the
signal sequence may influence the folding of the mature protein
in vivo (Park et al., 1988). In fact, some recent results em-
phasize coupling of folding and targeting (Randall & Hardy,
1986; Eilers & Schatz, 1988). Hence, characterization of the
folding of isolated signal peptides may shed some light on
protein folding in vivo.

The process by which a protein folds into a specific three-
dimensional structure is not well understood. In one commonly
proposed model of protein folding, the so-called framework
model, local secondary structure formation precedes the for-
mation of specific tertiary structure (Kim & Baldwin, 1982).
The framework model suggests that insight into the process
of protein folding can be gained by characterization of sec-
ondary structure formation in isolated protein fragments.
Spectroscopic techniques such as circular dichroism (CD)! and
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two-dimensional nuclear magnetic resonance spectroscopy (2D
NMR) are ideally suited for this purpose, and these techniques
have been fruitfully applied to the determination of secondary
structure in several protein fragments (Bierzynski et al., 1982;
Dyson et al., 1988; Wright et al., 1988; Oas & Kim, 1988).
In most cases, the secondary structure observed in these
fragments was similar to that observed in the native protein.
These results suggest that the behavior of isolated protein
fragments can provide important insights into the folding of
the intact protein.

In previous work from this and other laboratories, a strong
preference for a-helical conformation was associated with
signal sequences (Rosenblatt et al., 1980; Shinnar & Kaiser,
1984; Briggs & Gierasch, 1984; Batenburg et al., 1988a,b).
We now report the detailed analysis of secondary structure
formation in a synthetic peptide corresponding to the wild-type
signal sequence of the lamB gene product (LamB, which is
also known as the A receptor or maltoporin) from Escherichia
coli. This peptide consists of 25 amino acids with the sequence
MMITLRKLPLAVAVAAGVMSAQAMA. Previous CD
results indicated that this peptide adopts a similar conformation
in an aqueous solution containing 20 mol % trifluoroethanol
(TFE), and in membrane-mimetic environments such as so-
dium dodecyl sulfate micelles or phospholipid vesicles (Briggs,
1986; McKnight et al., 1989). Studies of other peptides in
TFE suggest that it stabilizes helix, but not indiscriminately:
Regions that have a high tendency to adopt helix become more
helical, but regions that are helix-disfavoring are not induced
to become helical. For example, a detailed study of the in-
fluence of TFE on the ribonuclease S-peptide argued that the
TFE increased the helix content but that both the charge-
dipole effect and the putative “helix stop signal” were still

! Abbreviations: CD, circular dichroism; 2D, two dimensional; NMR,
nuclear magnetic resonance; TFE, trifluoroethanol; TFA, trifluoroacetic
acid; HPLC, high-pressure liquid chromatography; t-Boc, tert-butyl-
oxycarbonyl; NOESY, two-dimensional nuclear Overhauser effect
spectroscopy; NOE, nuclear Overhauser effect; TOCSY, total correlation
spectroscopy.
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operative (Nelson & Kallenbach, 1986, 1989). Therefore, we
have chosen TFE/H,O as a reasonable solvent to use for
conformational analysis of this signal peptide. CD results show
that this peptide is partially folded into a helical conformation,
and 2D NMR results show that the helix can be localized to
a specific part of the molecule. Furthermore, CD and NMR
spectra as a function of temperature show that the partially
folded conformation is in dynamic equilibrium with a more
random conformation and that this equilibrium can be shifted
toward the more random conformations by raising the tem-
perature. By analysis of spectra at various temperatures, we
have monitored initiation and propagation of helix formation
spectroscopically. The most stable part of the helix is in the
hydrophobic core of the signal peptide.

The LamB signal also allows a fundamental question re-
garding the structural requirements for helix formation to be
addressed. This sequence contains one proline and one glycine,
both of which have a low statistical probability of occurring
in a helix (Chou & Fasman, 1974). While these residues are
known from statistical analysis of protein structures to occur
preferentially in nonhelical regions or at helix termini (Chou
& Fasman, 1974), their influences on helix formation and
stability are not well understood. Our results show that proline
has a greater effect on helix stability than does glycine in this
peptide.

EXPERIMENTAL PROCEDURES

Synthesis. This synthesis of the LamB signal peptide was
carried out by using standard solid-phase methods on an ABI
430A automated peptide synthesizer. ¢-Boc-protected amino
acids were purchased from ABI. The peptide was cleaved from
the resin by treatment with anhydrous HF in the presence of
10% anisole for 1 h at 0 °C. Crude peptide was purified by
reverse-phase HPLC using a Vydac phenyl column (25 cm
X 2 c¢m), with a water/acetonitrile gradient (0.1% TFA).
Amino acid composition was confirmed by amino acid analysis
on a Beckman 6300 amino acid analyzer. The sequence of
the peptide was confirmed by liquid-phase sequencing on an
ABI 477 protein sequencer. Details of synthetic procedures
are reported elsewhere (Briggs & Gierasch, 1984; Briggs,
1986).

Circular Dichroism. All CD measurements were made on
an AVIV Model 60DS spectrophotometer using a 5-mm cell
at temperatures of 5, 25, and 50 °C. Temperature was reg-
ulated by a Hewlett-Packard 89100A temperature controller.
The peptide concentration was determined by quantitative
amino acid analysis. The solvent was 50% 5 mM Tris buffer
(pH 7.3) and 50% trifluoroethanol (spectral grade, Aldrich)
by volume, which is 20 mol % TFE. CD spectra also were
obtained in 50% TFE and 50% phosphate buffer (pH 7.0, 4.0,
2.5) at 25 °C. All spectra were base-line-corrected and
smoothed. Spectra were the average of three consecutive scans
obtained with a total duration of 9 s at each nanometer from
250 to 190 nm.

Nuclear Magnetic Resonance. All NMR measurements
were made on a Varian VXR 500 spectrometer operating at
a proton frequency of 500 MHz. Peptide concentration in
NMR samples was 2 mM. The solvent was 50% (by volume)
trifluoroethanol-d, (Merck Isotopes) and 50% unbuffered
water adjusted to a pH of ca. 4 to reduce the exchange rate
of amide protons with water (which is equivalent to 20 mol
% TFE). For all 2D NMR spectra, 256 free induction decays
were obtained containing 2K complex points each, and the data
were zero-filled to form a matrix of 1K by 1K real points. The
sweep width was 6000 Hz in both dimensions, and 64 or 128
transients were accumulated per ¢, value, with a 1-s relaxation
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FIGURE 1: CD spectra of the LamB wild-type signal peptide in 20
mol % TFE as a function of temperature; peptide concentration 10
puM. Temperatures are 50 °C (solid line), 25 °C (dashed line), and
5 °C (dotted line).

delay. The mixing time was 75 ms for the TOCSY spectra
and 300 ms for the NOESY spectra. The water resonance
was suppressed by preirradiation during the relaxation delay
and during the mixing period in the NOESY spectra. All 2D
data sets were collected in the phase-sensitive mode (States
et al., 1982) and were analyzed in both unsymmetrized and
symmetrized (Bauman et al., 1981) form. Symmetrized data
sets are presented for clarity, and considerable care was taken
to distinguish symmetrization artifacts from real cross-peaks
in all 2D spectra. Data were processed on a Sun 4/260
computer, using software developed by Dennis Hare (Infinity
Systems, Seattle, WA).

RESULTS

Helix Content by CD as a Function of Temperature. The
CD spectra of the LamB signal peptide in 50/50 TFE/H,0
(by volume) at 5, 25, and 50 °C, shown in Figure 1, all exhibit
characteristic double minima indicative of a-helical structure
(Woody, 1985), and this implies that at least part of the
peptide is in an a-helix at all temperatures. The spectra were
fitted by computer to Greenfield-Fasman polylysine reference
spectra (Greenfield & Fasman, 1969) to estimate the relative
contributions of a-helix, 8-sheet, and “random coil”. This
procedure gave values of 55% a-helix and 45% random coil
at 25 °C. Similarly, if the molar ellipticity at 222 nm (6,,,)
is used to calculate the percentage of a-helix for a 25-residue
peptide (Chen et al., 1974), a value of 52% a-helix is obtained
at 25 °C. When 0,,, is used to estimate helix content, the
amount of a-helix decreases to 39% at 50 °C but increases
to 60% when the sample is cooled to S °C. These results
suggest that the peptide is in dynamic equilibrium between
an a-helical conformation and a more random structure and
that this equilibrium is shifted toward the more random
structure at higher temperatures. This interpretation is further
supported by the isodichroic point at 201 nm which is indi-
cative of interconversion between two states. It should be noted
that CD spectra obtained in 50% TFE (by volume) and 50%
phosphate buffer adjusted to pH values of 2.5, 4.0, and 7.0
are indistinguishable. This result demonstrates that pH does
not have a significant influence on the conformation of the
LamB signal peptide in TFE/H,0. Furthermore, the molar
ellipticity observed in the CD spectra of this peptide in 50/50
TFE and pH 4 phosphate buffer is invariant within experi-
mental error over a range of concentrations from 0.4 uM to
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FIGURE 2: TOCSY spectrum of the LamB peptide in 20 mol % TFE at 25 °C. Peptide concentration 1 mM; mixing time 75 ms. Connectivities

involving amide and aliphatic protons are shown.

2 mM. This result argues strongly that the peptide is mo-
nomeric under the conditions of these studies.

Conformational Analysis by 2D NMR. The circular di-
chroism results yield a description of the behavior of the
peptide as a whole, but CD gives no insight into the confor-
mational states of specific residues within the peptide. Res-
idue-specific conformational information can be obtained from
2D NMR spectroscopy. Two-dimensional nuclear Overhauser
effect spectroscopy (NOESY) yields a map of protons which
are spatially close together, irrespective of bonding networks
(Kumar et al., 1980; Macura et al., 1981). Although it is
difficult to establish rigorously an upper limit on the inter-
proton distance required to observe cross-peaks in the NOESY
spectrum, a reasonable estimate is 4.5 A under the conditions
of our experiments. In a polypeptide chain that exists in a
single conformational state, the type and pattern of the short
distances (<4.5 A) inferred from the NOESY spectrum in-
dicate the presence of characteristic secondary structures. A
regular a-helix is characterized by the distance between ad-
jacent amide protons, dnn(i, i + 1), which is ~2.8 A, the
distance between the « and amide protons in neighboring
residues, d,n(i, i + 1), which is ~3.5 A, and d (i, i + 3),
which is ~3.4 A (Wuethrich et al., 1984). In addition, since
d NG, i + 4) and dyy(i, i + 2) are both approximately 4.2 A,
these interactions are anticipated in the NOESY spectrum of
a regular, stable helix. By contrast, in extended structures,
dn(i, i+ 1)is ~2.2 A, and dyn(i, i + 1) is ~4.3 A, Since
all other distances are greater than 4.5 A, the dominant in-
teractions expected for an extended structure are those between
a(i) and NH(i + 1). Another NMR parameter which can
aid in identification of a-helical structure is the vicinal coupling
constant between the amide proton and the a proton of each
residue, 3Jyn.. Residues in helical structures have small
coupling constants (*Jyn. < 5 Hz), whereas residues in ex-
tended structures have significantly larger coupling constants
(*June > 8 Hz) (Pardi et al., 1984). Therefore, observation
of patterns of NOE connectivities and measurement of vicinal
coupling constants allow secondary structure to be determined
and localized to specific regions in the molecule. It is im-
portant to note that in the case of fast interconversion between
more than one conformation, the observed parameters will be
the population-weighted average of the parameters associated
with the individual states.

The LamB signal peptide resonance assignments were ob-
tained by the standard sequential assignment procedure

Table I: Summary of NMR Proton Line Assignments for the LamB
Signal Peptide in TFE/H,0 at 25 °C

'H chemical shift®

residue NH Ha HB Hy others
Met-1 4,09 2.12 2.54

Met-2 8.52 454 2.03,1.97 2.52

Ile-3 8.00 4.16 1.81 1.45,1.15,0.88 0.85
Thr-4 771 4.30 4.17 1.15

Leu-5 7.84 4.27 1.59 1.59 0.89, 0.82
Arg-6 7.86 4.21 1.82,1.74 1.64,1.60 3.13
Lys-7 7.81 4.29 1.85, 1.71 1.43,1.35 1.64, 2.92
Leu-8 7.68 4.54 1.60 1.52 0.85
Pro-9 4,37 2.35,1.83 2.0 3.48
Leu-10 7.76 4.08 1.66 1.60 0.85, 0.90
Ala-11 7.88 3.94 1.39

Val-12  7.39 3.64 2.04 0.96, 0.92

Ala-13  7.63 398 1.44

Val-14 8.30 3.66 2.04 0.97, 0.87

Ala-15 7.87 3.98 1.46

Ala-16 8.55 4.05 1.42

Gly-17 8.06 3.92, 3.81

Val-18 8.26 3.74 2.15 0.99, 0.89

Met-19 8.38 4.23 2.11, 2.01 2.62, 2.54

Ser-20 8.05 4.23 401, 3.91

Ala-21 7.86 4.15 1.46

GIn-22 8.00 4.11 2.09 2.45, 2.39

Ala-23 7.83 420 1.43

Met-24 7.71 4.42 2.11, 2.05 2.66, 2.55

Ala-25 7.73 4.30 1.42

“Chemical shifts are in ppm relative to 3.88 ppm for the CH, in
TFE, and are £0.02 ppm.

(Billeter et al., 1982). Assignment of the set of lines associated
with each type of amino acid was accomplished though total
correlation spectroscopy (TOCSY) (Davis & Bax, 1985).
Each amino acid has a characteristic pattern of cross-peaks
observed in the TOCSY spectrum (Figure 2), so assignment
as to type of amino acid can be made through pattern rec-
ognition of the TOCSY cross-peaks. Sequentially adjacent
amino acids typically have some pair of protons which are
spatially close, and the observed NOE, arising from these short
distances between neighboring residues are used to make se-
quential assignments. The assignments are summarized in
Table L.

The NOESY spectrum of the LamB signal peptide at 25
°C (Figure 3) contains a large number of cross-peaks con-
necting amide protons. Assignment of the NH/NH NOEs
was facilitated by knowledge from CD that the molecule has
a high helical content. This overall structure implies that
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FIGURE 3: Expansions of the NOESY spectrum of the LamB signal peptide in 20 mol % TFE at 25 °C; peptide concentration 2 mM; mixing
time 300 ms. On the left is the region containing NH to NH connectivities; on the right is the region containing NH connectivities to upfield

protons. Intraresidue interactions are denoted by a “x”

interactions between sequentially close residues are much more
likely than interactions between residues which are far apart
in the sequence; this assumption was used in a few cases to
resolve potential ambiguities from spectral overlap. All se-
quential NH(7)/NH(i + 1) interactions but one are observed
for residues 10-24, which implies a significant population of
a helical conformation for the residues in this region. Any
NOE between M24 and A25 amide protons would not be
observable due to the similarity of their chemical shifts. The
a-helical conformation is confirmed by the large number of
a(i)/NH(i + 3) and a(i)/NH( + 4) interactions observed.
There are probably additional medium-range interactions
[a(i)/NH(i + 3)] in the C-terminal region which cannot be
observed because of spectral overlap. Further evidence of a
high helical content is provided by observation of a network
of weak NH(#)/NH(i + 2) interactions from residues 11 to
18. By contrast, there is no evidence for any of these inter-
actions indicative of a a-helix for the N-terminal part of the
peptide, residues 1-8. The entire network of a(i)/NH(i +
1) interactions is observed in this region, and the large size
of these cross-peaks, as well as the absence of other interactions
to these amide protons, suggests that this part of the molecule
is predominantly in an extended conformation. There is a weak
NOE between the M2 and I3 amide protons, but this inter-
proton distance may be sufficiently short (~4.3 A) to see a
weak NOE even in an extended structure. Due to the small
chemical shift difference between resonances of the LS and
R6 amide protons, it cannot be determined whether or not an
interaction exists between these protons. In addition, two other
interactions between amide protons in the N-terminal region
of the molecule would be difficult to observe because of partial
spectral overlap. Nonetheless, the complete absence of any
medium-range [e.g., a({)/NH(i + 3)] interactions among
residues 1-8, most of which would be observable if present,
argues strongly that there is no significant helical content in
the N-terminal region of this peptide.

Since proline does not have an amide proton, the é-meth-
ylene protons, which occupy a similar position to the amide
proton in other residues, can be substituted for the amide
proton in the interactions expected for a given type of sec-
ondary structure. In this peptide at 25 °C, a NOE is observed
between Leu-8 NH and Pro-9 H?, and a very weak NOE is
observed between Pro-9 H? and Leu-10 NH. These obser-
vations suggest that the helix may extend from residue 8 to

the C-terminal end of the peptide.

Additional confirmation for the localization of the helix from
residues 8-24 is obtained by measuring relative rates of
chemical exchange of amide protons with D,O. To determine
the solvent accessibility of the various amide protons, the
peptide sample was freshly prepared in a mixture of TFE-d,
and D,0 (pH ~4), and proton spectra were obtained as a
function of time. Those amide protons that remain after
several hours in a peptide of this size represent amides which
are inaccessible to the solvent, most often through intramo-
lecular hydrogen bonding. Slow exchange of amide protons
in residues 8-23 was indicated by the presence of these proton
signals after 1 h in TFE/D,O, while amide protons in the
N-terminal exchange significantly with D,O in 1 h. This result
provides further evidence that residues 824 exist in an a-helix
a substantial portion of the time. The NOE and exchange
results are summarized schematically in Figure 4a.

Thus far, we have demonstrated that the region of the signal
peptide from residues 8-24 has a high helical population while
residues 1-8 have little, if any, helical content at 25 °C.
However, there is a difference in the pattern of NOE inter-
actions observed for the region from residues 10-18 and that
from residues 19-24. Both NH(#)/NH( + 2) and «(i)/NH(
+ 3) NOEs are seen in the former region, while only a(i)/
NH(i + 3) interactions are observed in the latter region. Since
dan(i, i+ 2) is longer than d \(i, § + 3) (~4.2 A versus ~3.4
A, respectively), observation of NH(i)/NH(i + 2) interactions
would require the helix to be more stable (i.e., a higher pop-
ulation of the helical conformation) than would observation
of a(i)/NH(i + 3) interactions. This suggests that the helix
is more stable in the hydrophobic core (residues 10-18) than
in the C-terminal part of the molecule (residues 19-24). This
conclusion is further supported by the slower exchange rates
observed for amide protons of residues 10-19 (still present after
3 h) relative to those observed in the C-terminal part of the
peptide (completely exchanged by 3 h).

The conformational interpretation above is presented as
though the cross-peaks observed in the NOESY spectrum arise
from primary NOE interactions between two protons. In fact,
it is unusual to observe NOEs corresponding to distances 23.5
A in peptides of the size of the LamB signal sequence (Wright
et al., 1988).2 Thus, we must consider the possibility that the
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FIGURE 4: Summary of NMR data for the LamB signal peptide in
20 mol % TFE. (a) 25 °C. The top line summarizes amide exchange
rates with D,O. Closed circles indicate amide protons that remained
for at least 3 h after addition of D,0. Open circles indicate protons
that remained after 1 h. Lines below the sequence indicate observed
Overhauser effects between indicated protons. (b) 50 °C. The top
line summarizes vicinal coupling constant data from Table II. Note
that 3/, of Val-14 is 5.8 (£0.2) Hz. Bottom lines summarize NOE
data. (¢) 5 °C NOE data. Note that the «(i)/NH( + 3, 4) in-
teractions listed for 5 °C are probable NOE:s since extensive spectral
overlap at this temperature precludes unambiguous assignment in some
cases.

weaker interactions observed [NH()/NH(i + 2) and a(?)/
NH( + 3, 4)] arise from secondary handoffs where polari-
zation is transmitted by spin diffusion through a third proton.
Spin diffusion seems improbable between the « protons and
NHs three or four residues ahead in the chain because there
is no likely path (intermediate proton) for the transfer. The
NH())/NH(@ + 2) interaction could readily arise from a
secondary transfer of polarization subsequent to the NH-
(i)/NH( + 1). If this is the origin of the cross-peaks observed,
our conclusions about proximity of the NHs are still valid, since
the efficiency of the second transfer is also distance-dependent.
Therefore, the observation of NH(#/)/NH(/ + 2) NOEs se-
lectively in the hydrophobic core implies that the helix is more
stable in this region irrespective of the origin of these cross-
peaks, i.e., whether they arise from primary polarization
transfers, spin diffusion, or both.}

2 Although often observed in proteins, the NOEs corresponding to
distances longer than 3.5 A are rarely seen in peptides. However, most
of the detailed studies of peptides of similar length to the signal peptide
have been carried out on aqueous solutions. The TFE/H,O solvent
mixture leads to substantially broader line widths than H,O alone and
is probably creating a distinctly different frequency of molecular tum-
bling. This may account for the higher efficiency of polarization transfer
(protein-like). We do not know the origins of this effect, since the
viscosity of TFE /water solutions is not significantly higher than that of
water solutions. Immiscibility of the two solvents may give rise to do-
mains of solvent around the peptide solutes.

Bruch et al.

Temperature Effects on Helical Structure for Specific
Residues of the LamB Signal Peptide. The amide region of
the NOESY spectrum at 50 °C (Figure 5a) contains many
of the same interactions observed in the 25 °C spectrum, but
it is missing the NH/NH interactions previously observed in
the C-terminal part of the peptide (residues 20-25). In ad-
dition, there are no medium-range interactions indicative of
an a-helix in the C-terminal region at 50 °C. There are several
reasons why the NOEs may be smaller at 50 °C relative to
25 °C. As a consequence of the lower solution viscosity at
50 °C, the molecular correlation time will be smaller, and this
will result in decreased intensity of all cross-peaks relative to
those at 25 °C. Hence, it is difficult to compare directly
cross-peak intensities between NOESY spectra at the two
temperatures. However, a shift in the conformational dis-
tribution from helix to random also can reduce the magnitude
of the NOE at the higher temperature due both to an increased
local mobility and to an increase in average interproton dis-
tances of conformationally diagnostic proton pairs. Hence,
differences in cross-peak intensities for different parts of the
molecule within the 50 °C NOESY data set will reflect dif-
ferences in the conformational population, viz., the helix
content. The pattern of NOEs observed at 50 °C (Figure 4b)
shows that the helix is primarily localized to residues 10-21.
The larger number of both NH(;)/NH(i + 1) and (i) /NH(
+ 3) cross-peaks of residues within the hydrophobic core
suggests that this region contains the highest helix content,
which agrees well with the conclusions drawn from the 25 °C
data.

Note that only the weakest NOE interactions [NH(#)/NH(i
+ 2)] have been lost from the region of the hydrophobic core
in the 50 °C data set relative to the 25 °C data, whereas many
of the interactions indicative of helix content are missing in
the C-terminal region. The loss of the weak NOE cross-peaks
in the hydrophobic core is likely to have occurred because of
the reduced efficiency of both primary and secondary NOE
transfers at the higher temperature, as discussed above, rather
than because of a significant conformational redistribution,
since all of the other diagnostic helical NOEs are still present.
By contrast, there are only a few interactions indicative of a
helix in the C-terminal region (residues 19-25) at 50 °C.
Since a dense network of interactions was observed in this
region at 25 °C, this suggests that the helix has been desta-
bilized considerably in this region at the higher temperature
(equilibrium shifted toward the random state).

Our conclusions regarding relative helix content in the
different regions of the signal peptide at 50 °C are supported
as well by the magnitudes of the amide coupling constants.
The sharper resonance lines at 50 °C allow amide vicinal
coupling constants to be measured quantitatively from 2D
J-resolved spectroscopy (Aue et al., 1976; Nagayama et al.,
1977) (Table IT). In the N-terminal region (residues 1-8),
all coupling constants are greater than 7 Hz, and these large
values confirm the absence of helix in this region. By contrast,
in the region from residues 10-16, most vicinal coupling
constants are less than 5 Hz; those of Val-12 and Val-14, at

3 To ensure that NOEs potentially arising from spin diffusion at the
mixing time of 300 ms do not result in erroneous conclusions, a NOESY
spectrum was obtained using a mixing time of 100 ms. All cross-peaks
were significantly less intense than in the 300-ms mixing time spectrum,
and only the strongest interactions were large enough to be observed.
Nonetheless, a dense network of NH(i)/NH(i + 1) interactions occurs
from residues 12 to 22. These results confirm the presence of a high
population of helix in the C-terminal part of the molecule and demon-
strate that any effects due to spin diffusion are not leading to erroneous
conclusions regarding the location of the helix.
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FIGURE 5: Expansions of the NH regions of the NOESY spectra of the LamB wild type in 20 mol % TFE; peptide concentration 2 mM; mixing

time 300 ms. (a) 50 °C, (b) 5 °C.

Table II: Vicinal Amide Coupling Constants in TFE/H,0 at 50 °C

residue chemical shifte 3ung (Hz)?
Met-2 8.43 7.3
Ile-3 7.89 1.5
Thr-4 7.68 7.8
Leu-5 1.74 7.0
Arg-6° 7.79 7.2
Lys-7 1.75 1.5
Leu-8 7.62 7.6
Leu-10 7.66 44
Ala-11¢ 7.79 49
Val-12 7.33 5.5
Ala-13 7.60 4.4
Val-14 8.11 5.8
Ala-154 7.81 5.0
Ala-16 8.39 43
Gly-17¢ 8.00 5.8
Val-18 8.09 5.9
Met-19 8.21 57
Ser-20 7.94 5.8
Ala-214 7.81 5.0
Gln-22 792 5.9
Ala-23 7.76 5.6
Met-24 7.68 7.8
Ala-25 7.69 6.6

9Estimated uncertainty on chemical shift is £0.01 ppm. °Estimated
uncertainty on coupling constants is £0.2 Hz. “Arg-6 and Ala-11 are
overlapped, but two components are present in the J-resolved spectrum
with different coupling constants. Assignments of the two components
cannot be made unambiguously. ?Ala-15 and Ala-21 are overlapped,
and only one component is observed in the J-resolved spectrum.
Therefore, the coupling constants are assumed to be equal for these
two residues. “A triplet was observed for Gly-17 which indicates that
the coupling constants are the same to both a protons.

5.5 and 5.8 Hz, are still relatively small. This supports the
notion of a nearly full population of a-helix in the hydrophobic
core. Residues 17-23 have somewhat larger coupling constants
(between 5.5 and 6 Hz); both the observations of larger cou-
pling constants and fewer NOEs indicative of helix argue that
there is a significant decrease in helix content in the C-terminal
region of the signal peptide. By comparison, the data suggest
that helix content is still high in the hydrophobic core.
Therefore, we conclude that the decrease in helical content
observed in the CD spectrum at 50 °C is primarily due to
unraveling of the helix from the C-terminal end.

The increased helical content observed in the CD spectrum
at 5 °C arises from an increase in the number of residues in
a helical conformation as demonstrated by the summary of
interactions observed in the NOESY spectrum at 5 °C (Figure
4c). At this temperature, the entire region from residues 10-25

exhibits the network of short-range [NH(i) /NH(i + 1)] and
medium-range [a(/)/NH(i + 3)] NOE interactions expected
for an a-helix, as observed at 25 °C. There are also a few
NH(i) to NH({/ + 2) interactions observed, but these weak
interactions are difficult to observe at 5 °C due to the
broadness of the amide resonances. These results indicate that
the entire region from residues 10-25 has a high population
of an a-helical conformation. Moreover, the amide region of
the NOESY spectrum at 5 °C (Figure 5b) contains cross-
peaks between amide protons in the N-terminal region, most
notably due to M2/13, I3/T4, and T4/LS interactions. These
additional interactions suggest that the helix has started to
propagate into the N-terminal region of this peptide at the
lower temperature. However, no medium-range interactions
indicative of a helix [e(i)/NH(i + 3)] are observed in residues
1-8. These results imply that, in the N-terminal part of the
peptide, the average distance dyn(Z, { + 1) is sufficiently short
to allow the observation of NH/NH NOEs but that, on the
average, d (i, { + 3) is too long for medium-range NOEs
to be observed. These results suggest that the helical con-
formation for residues 1-8 is only marginally stable compared
to the stable helix formed for residues 10-25. Lowering the
temperature has shifted the equilibrium between helical and
random structures so that the helical conformation is more
favorable for the entire peptide.

DiscussIioN

NMR analysis of the LamB signal peptide yields a picture
of a sequence with a strong conformational preference within
a particular region, but with a conformational equilibrium
existing throughout the molecule. The central hydrophobic
core of this signal sequence adopts an a-helical conformation
that is stable to 50 °C. The C-terminal segment of this peptide
(residues 18-25) shows a lower, but still significant tendency
to take up a helical conformation. By comparison, the N-
terminal region (residues 1-8) shows only a low population
of helical conformation, even at lower temperatures. Flanking
the hydrophobic core of this peptide are the proline residue
at position 9 and the glycine residue at position 17. Clearly,
these two conformationally influential residues are affecting
the structure of the signal peptide. Both residues are believed
to disfavor helix (Chou & Fasman, 1974). However, it is
known that helices in globular proteins often begin with a Pro
and, similarly, Gly residues often occur at the C-terminal end
(Richardson & Richardson, 1988). Even in this short, isolated
sequence containing Pro and Gly, we see analogous effects:
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The Pro residue is included in the helix, but the propagation
of the helix to the N-terminal side of the Pro is apparently
disfavored. Only the residue immediately preceding Pro
(Leu-8) shows distances typical of a helical state. The Gly
residue, by contrast, appears to influence its C-terminal
neighbors to take up helix less of the time. The effect of the
Gly residue is significantly less than that of the Pro. Even at
50 °C the C-terminal region spends significant time in helix,
while the N-terminal segment only shows the beginnings of
helical structure at 5 °C.

This analysis illustrates the power of NMR to describe
conformational behavior. Not only can one deduce the
three-dimensional structure in cases where one conformational
species is predominant, but also one can in favorable instances
analyze a system in conformational equilibrium with rapid
interconversion among states on the NMR time scale. The
fact that NOEs and coupling constants average according to
distinct functions and the availability of several distances,
which can be used to set limits on populations in different states
(as illustrated in the analysis above), combine to yield a
plausible analysis if the nature of the interconverting states
is known. Since polypeptide chains are restricted to regions
of ¢, Y space that are quite well-defined, this approach should
prove to be fruitful in protein folding studies. Our interpre-
tation was further supported by deuterium exchange data,
which can generally be used to test the consistency of con-
formational conclusions.

An interesting comparison can be made between the CD
results and the NMR data presented so far: The NMR results
show that at 25 °C, the hydrophobic core (residues 10-18),
which comprises 36% of the molecule, is in a very stable helix,
while another 32% of the molecule (residues 8, 9, and 19-24)
has a significant, but smaller population of a helical confor-
mation. In order to get an approximate estimate of the overall
helical content of the molecule from the NMR data, we can
assume that the hydrophobic core is helical all of the time while
the region with significant, but lower helix content is helical
50% of the time. These admittedly rough calculations indicate
from NMR a total helical population of ~52% [=36% +
1/,(32%)], which is in surprisingly good agreement with the
estimate of 52-55% helical content from CD spectra.

The present studies made use of aqueous trifluoroethanol
as a solvent. While generally known to promote helix for-
mation, this solvent is poorly understood in its influences on
polypeptide structure. Results of detailed analyses on other
peptides suggest that TFE stabilizes helix in regions that have
a high intrinsic helical propensity (Nelson & Kallenbach, 1986,
1989; Merutka & Stellwagen, 1989). Furthermore, the LamB
signal sequence displays similar overall content of helix in the
chosen TFE/H,0O mixture as it does in SDS micelles or in
phospholipid vesicles. Interestingly, our conformational
analysis of the LamB wild-type signal peptide in transferred
lipid monolayers using both CD and Fourier-transform in-
frared spectroscopy (Briggs et al., 1986; Cornell et al., 1989)
led to a model for the structure of the lipid-inserted peptide
that is virtually the same as that deduced from the present
NMR analysis. Nonetheless, it is possible that the details of
the residue preferences for helix may differ in the interfacial
environments from those seen here. Thus, we intend to extend
our NMR analysis to the micellar system to check whether
the present findings are general.

Although the LamB signal sequence provides only one ex-
ample, it is tempting to speculate that the observed high helical
stability in the hydrophobic core will be general and has
functional significance, since this region is the hallmark of
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functional signal sequences. Our previous results and current
models for prokaryotic protein export would suggest that there
are multiple roles for the signal sequence and, furthermore,
that the helical character of the hydrophobic core may be
required both for lipid interactions (Briggs & Gierasch, 1984;
Briggs et al., 1985; McKnight et al., 1989) and for recognition
by proteinaceous species such as SecA or PrlA (SecY) (Chen
et al., 1987; A. Sgrignoli, L. L. Chen, P. C. Tai, and L. M.
Gierasch, unpublished results).

In future work, we will examine the alterations in the
conformational properties of mutated LamB signal sequences,
we will test the generality of the present results by analysis
of other signal sequences, and we will explore the influence
of the mature sequence on the conformational behavior of the
signal sequence.
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ABSTRACT: The self-association of human spectrin at 28.8 °C in 0.11 M salt (pH 7.5) has been studied
by means of sedimentation equilibrium. Coincidence of @ function plots as a function of total spectrin
concentration (0-2 g/L) indicated that equilibrium was achieved and that no significant concentration of
solute was incapable of participating in the self-association reaction. On the basis of the root-mean-square
deviation of the fits and the randomness of the residuals, the behavior can be described equally well, either
by a cooperative isodesmic model, in which K, ~ 2 X 10¢ M™! and all other K =~ 106 M}, or by an attenuated
scheme in which K;_1); =~ (3.5 X 10%) /i M. The returned values of the second virial coefficient, B, for
both these models fail within the range calculated from the charge and Stokes radius of spectrin. A mechanism
for spectrin self-association consistent with both schemes is proposed in which spectrin heterodimers undergo
a reversible opening at the self-association interface. These open heterodimers then undergo indefinite
self-association to form a series of open-chain oligomers in dynamic equilibrium with closed-loop oligomers.

Erythrocyte spectrin is capable of self-associating through
the sequential addition of heterodimers to form tetramers
(Ralston, 1978; Shotton et al., 1979) and higher oligomers
(Morrow & Marchesi, 1981; Morrow et al., 1981; Morris &
Ralston, 1984; Liu et al., 1984). The self-association of
spectrin is critical for normal red cell shape, flexibility, and
resistance to hemolysis (Palek & Lux, 1983; Mohandas et al.,
1983; Elgsaeter et al., 1986). A detailed understanding of the
thermodynamics of spectrin self-association is essential to
understanding how small changes in the thermodynamic
criteria governing the self-association in vitro may translate
to large morphological changes in vivo.

Several studies (Morrow & Marchesi, 1981; Morrow et al.,
1981; Shahbakhti & Gratzer, 1986) using nondenaturing gel
electrophoresis have shown that the self-association of spectrin
is probably of an indefinite type. These studies have indicated
that the tetramer predominates in solution and that higher
oligomers form only a small fraction, by weight, of the total
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spectrin at low solute concentrations. On the other hand,
sedimentation equilibrium studies have shown that all steps
in the self-association are fully reversible but that the pro-
portion of larger oligomers was consistent with indefinite
self-association models in which the values of the sequential
equilibrium constants were not all identical but were all of the
same magnitude (~10% M) (Morris & Ralston, 1984,
1985a).

In attempting to assess quantitatively the thermodynamic
properties of a self-association reaction, it is of the utmost
importance that (1) highly precise and accurate data be ob-
tained at chemical equlibrium without perturbing the equi-
librium and (2) an accurate and sensitive test be used to
determine if chemical equilibrium has been achieved and to
assess if there is any significant amount of protein incapable
of participating in the self-association. The technique of
sedimentation equilibrium meets both of these strict criteria
(Teller, 1973; Milthorpe et al., 1975).

In the present paper, we confirm with the use of sedimen-
tation equilibrium that the weight fraction of tetramer in vitro
is much lower than that found in studies by other workers
(Morrow & Marchesi, 1981; Morrow et al., 1981; Shahbakhti
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