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Abstract 

It was recently reported that a de novo designed peptide 33mer, Ppep-4, can form well-structured P-sheet sandwich tet- 
ramers (Ilyina  E, Roongta V, Mayo KH, 1997b, Biochemistry 36:5245-5250). For insight into the pathway of Ppep-4 
folding, the present study investigates the concentration dependence of Ppep-4 self-association by using ‘H-NMR pulsed- 
field gradient (PFG)-NMR diffusion measurements, and circular dichroism. Downfield chemically shifted a H  resonances, 
found to arise only from the well-structured Ppep-4 tetramer state, yield the fraction of tetramer within the oligomer  equi- 
librium distribution. PFG-NMR-derived diffusion coefficients, D, provide a means for deriving the contribution of mono- 
mer and other oligomer states to this distribution. These data indicate that tetramer is the highest oligomer state  formed, and 
that inclusion of monomer and dimer states in the oligomer distribution is sufficient to explain the concentration depen- 
dence of D values for /.?pep-4. Equilibrium constants calculated from these distributions [2.5 X lo5 M” for  M-D and 
1.2 X lo4  M-’ for D-T at 31 3 K] decrease only slightly, if at all, with decreasing temperature indicating a hydrophobically 
mediated, entropy-driven association/folding process. Conformational analyses using NMR and CD provide a picture 
where “random coil” monomers associate to form molten globule-like P-sheet sandwich dimers that further associate and 
fold as well-structured tetramers. /.?pep-4 folding is thermodynamically linked to self-association. As with folding of single- 
chain polypeptides, the final folding step to well-structured tetramer ppep-4 is  rate limiting. 
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Ppep peptides are  de novo designed, water soluble, /.?-sheet- 
forming peptide 33mers (Mayo et al., 1996). Although other 
P-sheet-forming peptides have been designed to remain mono- 
meric [P-hairpins (Blanc0  et al., 1993; Ramirez-Alvarado et al., 
1996; de Alba et  al., 1997)] or to form /?-sheet sandwich dimers 
[betabellins (Richardson & Richardson, 1989; Richardson et al., 
1992; Yan & Erickson, 1994) and betadoublet (Quinn et al., 
1994)], Ppep peptides self-associate primarily as tetramers at 
concentrations greater than a few mg/mL. Ppep peptides, beta- 
bellins and betadoublets, have a similar number of amino acid 
residues (31 to 33)  and are highly hydrophobic amphipaths- 
designed to self-associate through their hydrophobic faces. In 
these peptides, P-sheet formation is linked to the self-association 
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process. &Hairpins, on  the  other hand, are considerably shorter, 
less hydrophobic, and break the amphipathic scheme by avoid- 
ing the sequential pattern of alternating hydrophobic-hydrophilic 
residues (Richardson et al., 1992). 

In most of these P-sheet-forming peptides compact structure is 
lacking, and transient /.?-sheet conformation is characterized by a 
strong CD band at  217 nm and a more “random coil” NMR spectrum 
(Mayo  et al., 1996). /?pep-4 is an exception, and forms well-structured 
P-sheet sandwich tetramers that are  comprised of monomer sub- 
units, each having the same three-stranded anti-parallel P-sheet fold 
(Ilyinaet al., 1997a, 1997b). Two distinct dimer  folds (called Dl  and 
D2), however, are observed. In both dimer  types,  the N-terminal 
strand from one monomer associates with that from another in an 
anti-parallel fashion thereby continuing the /.?-sheet to six strands. 
Dimers differ at the monomer-monomer interface primarily by a two- 
residue shift in the alignment of &strands. In the tetramer, dimers 
interact via the hydrophobic faces of their amphipathic structures. 
Current evidence suggests that heterotetramers comprised of dimers 
D l  and D2 form,  as opposed to two types of homotetramers, each 
having D l  or D2 dimers. 

The present study investigates the mechanism of Ppep-4 folding 
from monomer to the final well-structured tetramer state. Questions 
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arise as to how much P-sheet  folding  occurs in the monomer state of 
ppep-4, do  dimers  exist to any great extent  in solution, and how do 
fractional populations of oligomers vary with concentration and tem- 
perature?  These and other related questions address the problem of 
designing sequences that can formp-sheet structure in the monomer 
state or perhaps better control formation of a desired oligomer state. 
The present NMR and CD study, therefore, is focused on analyzing 
ppep-4 under conditions where monomer and lower oligomer states 
are prevalent, i.e., low peptide concentration. Pulsed-field gradient 
(PFG) NMR self-diffusion measurements provide information on 
changes in the oligomer distribution as the /?pep-4 concentration is 
varied. This information allows derivation of fractional oligomer pop- 
ulations and equilibrium constants. It is found that monomers, di- 
mers, and tetramers  alone  can  account for the concentration 
dependence in diffusion data. NMR and CD data acquired at low 
peptide concentrations indicate that monomers have mostly "ran- 
dom coil" conformation, while dimers appear to be molten globule- 
like, P-sheet sandwichs, which associate to form well-structured 
tetramers. The final folding  step  occurs  on  the slow chemical shift 
time scale (Jaenicke, 1991) and is rate limiting, as usually observed 
with the folding of single-chain polypeptides. 

Results 

Distribution of oligomer states 

Figure 1 shows 'H-NMR spectra acquired in D20 at  283 and 
313 K as a function of ppep-4 Concentration. Downfield-shifted 

313 K 
[mMI 

1.6 

0.8 

0.26 

283 K 

0.026 ""fJL 
8.0 7.0 6.0 ppm 

Fig. 1. NMR spectra for ppep-4. 'H-NMR (600 MHz) spectra  are shown 
for ppep-4 peptide in D20 (pH 6) as a function of concentration (mM)  as 
indicated in  the figure. Series of spectra are shown for two temperatures, 
283 and 313 K. Spectra were accumulated with 8 k data points over 
6,000 Hz sweep width  and were processed with 2 Hz line broadening. Only 
the  spectral region downfield from the HDO resonance is shown. 
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aH resonances result from formation of well-folded P-sheet sand- 
wich tetramers (Mayo et al., 1996; Ilyina et al., 1997a, 1997b). As 
the ppep-4 peptide concentration is lowered at  either temperature 
(Fig. l), the downfield aH resonance area is decreased relative to 
the constant aromatic resonance area. This observation is consis- 
tent with tetramer  dissociation.  Although  the  concentration- 
dependent effect is expected, the pathway for the association/ 
dissociation process is unknown. 

The fraction of tetramer (T),f,, in this equilibrium distribution 
can be calculated from the area under the downfield-shifted aH 
resonance envelope by calibrating it against the constant aromatic 
resonance area. From TOCSY spectra, the number of protons res- 
onating within the most downfield part of this a H  resonance en- 
velope is 15 (Ilyina  et al., 1997b). Using the  cut and weigh method, 
the aromatic resonance area (Fig. 1 )  [ 10 protons from one phenyl- 
alanine (F12) and one tryptophan (W18)I yields a mass per proton. 
The  ratio of the mass of the aH resonance envelope actually cut 
and weighed to that expected for  the 15 proton a H  resonance area, 
yields fT. In some  cases, numerical integration was used and re- 
sults were, within error, the same. The cut-and-weigh method was 
easier to use, particularly in instances where baseline corrections 
near the HDO resonance were problematic. Table 1 lists fT for 
temperatures and concentrations investigated.f, varies from 0.9 at 
5.3 mM to 0.15 at 0.026 mM at 313 K, and decreases with de- 
creasing temperature. This "cold  melt" results from the predomi- 
nance of hydrophobic stabilizing forces (Tanford, 1981) within the 
ppep-4 tetramer. Plotting log [T conc.] vs. log [remainder conc.] 
yields a Hill plot with a slope of 1.9 to 2.2, indicating that tetra- 
mers dissociate primarily into dimers. 

Sedimentation equilibrium ultracentrifugation is a commonly em- 
ployed method used to derive fractional populations of oligomers in 
solution. For ppep-4, which undergoes rapid oligomer exchange, 
however, PFG NMR provides an easier and perhaps more informa- 
tive way to derive average diffusion coefficients as a function of pep- 
tide concentration, which, in combination with other data described 
below, can yield fractional populations of oligomer species. Fig- 
ure 2 plots PFG NMR-derived diffusion coefficients vs. ppep-4 con- 
centration. Diffusion coefficients, D, have been measured at  278,283, 
288,293,303, and 3 13 K. Only D values acquired at  283 and 3 13 K 
are plotted in Figure 2. As described in Methods, D values normally 
were derived from the gradient-induced signal loss of upfield me- 
thyl and methylene resonances (average of three resonances). How- 
ever, using the downfield-shifted aH resonances to determine D at 
either temperature results in a concentration-independent behavior, 
as plotted in Figure 2 (labeled aH). At 313 K, a D value of 15.6 X 

cm2 s - '  results, which falls close to the value for tetrameric 
ppep-4(16.5 X 10-7cm2~")calculatedfromDvaluesofstandard 
folded proteins ribonuclease, lysozyme, and ubiquitin, using an ex- 
ponent, a,  of 1/3 for a compact globule in Equation 4 (see Methods). 
The slightly, but significantly lower D value may suggest thatppep-4 
tetramers are somewhat more expanded (5 to 7%) than the protein 
standards. NOE data  on tetramer ppep-4 indicate the presence of 
well-formed backbone to backbone contacts consistent with the pres- 
ence of well-structured P-sheet dimers (Ilyina et al., 1997b); the tet- 
ramer sandwich, on the other hand, which is mediated by side chain- 
to-side chain interactions from the hydrophobic faces of amphipathic 
dimers, may be somewhat less compactly folded. Alternatively, this 
deviation could result from differences in shape. In any event, the 
observation confirms that downfield-shifted a H s  are associated only 
with relatively well-folded ppep-4 tetramers and also provides an 
experimentally derived D value for the ppep-4 tetramer state. 
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Table 1. Fraction of compact tetramer; f T ,  calculated by using  the  cut  and weigh method with aH 
and aromatic resonance envelopes as discussed in the texta 

mM 278 K 283 K 288 K 293 K 303 K 313 K 

5.3 
2.6 
2. I 
1 .58 
1 .os 
0.79 
0.53 
0.39 
0.26 
0.2 
0.087 
0.026 

0.53 
- 

0.42 
- 

0.3 
- 

0.23 
- 

0.1 1 

- 

0.73 
- 

0.61 
- 

0.43 
- 

0.37 
- 

0.28 
0.17 
0.09 

- 

0.6 

0.52 

- 

- 

0.43 
- 

0.37 
- 

0.1 1 

- 

0.65 
- 

0.65 
- 

0.46 
- 

0.4 
- 

0.16 
- 

0.75 
- 

0.69 
- 

0.56 
- 

0.44 
- 

0.15 
- 

0.9 
0.82 
0.73 
0.7 
0.67 
0.62 
0.55 
- 

0.4 1 

0.32 
0.15 

aThe error infr is estimated to be f0.03 for any given value. In this respect, lowerfT values have a greater percent error because 
both the tetramer population and the NMR spectral signal to noise (S/N) was lower. Errors can also arise from inaccuracies in 
determining the number of aH protons (estimated to be f 1 proton) within the cut (YH resonance envelope. 
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Fig. 2. PFG-derived diffusion coefficients for  ppep-4. Pulsed-field gradient (PFG) NMR-derived diffusion coefficients have been 
determined as a function of peptide concentration for  ppep-4 and for two its variants: ppep-25, which is monomeric at low peptide 
concentration, and an N-methyl derivative, which forms dimers as its highest aggregation state as discussed in the text. Each diffusion 
coefficient was determined from a series of 15 one-dimensional PFG spectra acquired using different g values. Experimental decay 
curves were approximated as single exponentials. Experimental conditions were: S = 4 ms, g = 1 to 45 G/cm, A = 34.2 ms, and the 
longitudinal eddy-current delay T, = 100 ps.  The  figure shows data acquired for  two temperatures, 283 and 313 K. Data points (open 
symbols) represent the average of D values derived from the three different resonances used to measure them; error bars represent 
standard deviations from the average value. 
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D values measured at upfield resonances, on the other hand, vary 
considerably with changes  in ppep-4 concentration and represent a 
weighted average  over  the equilibrium distribution ofppep-4 oligo- 
mer states, including tetramers. The slope of the log signal intensity 
vs. the  square of gradient strength is linear. Initially, it  was expected 
that the slower  exchange rate for tetramers might result in non-linear 
gradient-induced decay curves for mixes of tetramer and other oligo- 
mer species, but this was not observed. There are two apparent rea- 
sons for this. First,  is that at  concentrations where tetramer 
predominates, reasonable populations of monomers do not enter the 
distribution, and only tetramers and  dimers (as will become clear 
later) are the major contributors. Second, the slope of the decay curve 
for  dimers  is only 1.4 times that of tetramers, and data were acquired 
only up to a gradient strength of 45 G/cm. For these reasons one 
would not necessarily observe non-linear slopes for mixes of dimer 
and tetramer states. TOCSY spectra were checked to assure that res- 
onances chosen for diffusion analysis included all oligomer states. 
The three resonances chosen did, in fact, show decay slopes within 
2%  of each other. At the highest ppep-4 concentrations, D values 
(3  13 K) measured at these three upfield resonances begin to plateau 
off on approach to the D value for tetramer ppep-4 (Fig. 2A), indi- 
cating that tetramerppep-4  is the highest oligomer state formed. Con- 
sequently, becausefT is known (Table l), only lower aggregate states 
need to be considered when deriving fractional populations of oligo- 
mer states  from the concentration  dependence of diffusion 
coefficients. 

To exemplify how fractional distributions were derived, con- 
sider data acquired at 313 K (Fig. 2A). For ppep-4, & is 15.6 X 

cm2 s-I. DM and DD, however, are unknown. Because dif- 
ferent oligomer states exhibit various degrees of folding, DM and 
DD could not be derived with any accuracy by using DT and 
Equation 4 (see Materials and methods), which is only valid when 
estimating relative sizes for groups of proteins that are either all 
compact (a = 1/3) or all random coil (a  = 1/2). As will be evident 
below, lower  oligomer states are considerably less structured than 
tetramer ppep-4. DM could have been derived if the observed D 
value plateaued off at low ppep-4 concentrations, but this does not 
occur  due to the relative stability of ppep-4 oligomers. For a nearly 
sequentially identical peptide 33mer, ppep-25: ANIKLSVQMKLF 
KRHLKWKIIVKLNDGRELSLD, however, oligomer stability is 
greatly reduced and  at low peptide concentrations D values do 
plateau off as shown in Figure 2. At 313 K, the average of these 
three D values is 30.4 X cm2 s - ' ,  which falls within the 
range expected for monomer ppep-4 and, therefore, was used as 
DM for /?pep-4. At 283 K, the observed D value for ppep-4 does 
approach this value for DM.  To determine DD, a variant of ppep-4 
was synthesized with N-methyl at V7 (N-CH3 variant) to prevent 
P-sheet-mediated dimer (and, therefore, tetramer) formation due 
to methyl group-induced  steric hinderance between interfacial 
P-strands and to the inability of interfacial inter-strand NH hydro- 
gen bonds to form (Rajarathnam et al., 1994, 1995). At higher 
concentrations,  this ppep-4 N-CH3  variant does demonstrate 
concentration-independent D values that fall in the range expected 
for  dimer ppep-4 (Fig. 2). An average D value of 20.7 X lop7  cm2 
s ~ I (average D from four concentration points) was used as DD for 

At 3 13 K and 1.6 mM, the observed D value (Do& for ppep-4 
(Fig.  2A) is 16.7 X cm2 SKI .  This is weighted according to 
the following equation: 

Ppep-4. 

where fM, f ~ ,  and f~ are the fractions of monomer, dimer, and 
tetramer, respectively, and values in parentheses are their respec- 
tive diffusion coefficients (DM, DD, DT from above) understood to 
be X lop7 cm2 s- ' .  In this analysis, only D and T oligomers were 
considered, because T is the highest oligomer state and two  ob- 
servations indicated the presence of dimers: Hill plot slope of 
about 2, indicating dissociation of T to D and N-CH' variant forms 
dimers with no evidence for trimers. Therefore, using values forfT 
from Table 1 and the relationship 1 - f~ = f~ + f ~ ,  fractional 
populations fM and fD were estimated using diffusion data in Fig- 
ure 2. For  example, at 0.087 mM, Doss falls  close to that of a 
dimer, and with f~ = 0.32 (Table l), fM = 0.13 and f~ = 0.55. 
Figure 2B shows diffusion data acquired at 283 K. Note that al- 
though D values are smaller due to the  lower temperature, they do 
reflect greater dissociation resulting from the "cold  melt." For the 
most part, M, D, and T states alone (Equation 1) are sufficient to 
explain observed diffusion data. However, this does not exclude 
the possibility that a relatively small fraction (less than about 0.05) 
of an additional oligomer state may be present. 

Derived M, D, and T fractional populations for ppep-4 are plot- 
ted in Figure 3 (solid symbols) for data acquired at 283 and 313 K. 
To assess the accuracy of derived fractional populations, dimer, 
and tetramer equilibrium association constants, KD and KT, were 
calculated at each ppep-4 concentration point shown in Figure 3. 
For data acquired at  313 K, log KD,T vs. log [peptide] is plotted in 
the insert. Although some variance is apparent, the range is limited. 
At 313 K, the average value for KD is 2.5 X lo5 M-'  f 1.8 X lo5 
M",  and the average value for KT is 1.2 X io4 f 0.6 X lo4 
M". Lines plotted in Figures 3A and 3B represent M, D, and T 
fractional populations calculated using average KD and KT values. 
Note that actual data points fall on or very close to these lines. 
Varying DD or DM by as much as f l  X cm2 s- '  has little 
effect onfD  offM, modifying them at most by 0.05. This change in 
fractional population has less of an effect on KT than it does on KD 
because f~ is independently derived and f~ remains between 0.2 
and  0.7 over this concentration range. KD is most affected whenfM 
is less than 0.1, but even then KO can be more accurately defined 
under conditions wherefM is greater. Note again that fits to these 
data using average values for KD and KT are quite good, thus 
providing increased confidence in the analysis. 

Similar data (not shown) have been acquired at 278, 288, 
293, and 303 K. KD remains fairly constant with temperature, 
whereas KT drops to 4 X 10' M" f 2 X 10' M" by 278 K. 
Two general observations can be made: (1) KD is always larger 
than KT. and (2) the temperature dependence in KT and KD is 
shallow or nill. In this respect, the free energy of dimer forma- 
tion (AGD = - RT In  KD) is more negative than that for tetra- 
mer formation (AGT = - RT In  KT). The absence of a significant 
temperature dependence, especially in KD, indicates a near-zero 
enthalpic contribution to the subunit association process, which 
in turn, means that these folding steps are primarily entropy 
driven. Such thermodynamic trends are consistent with hydro- 
phobically mediated events (Ross & Subramanian, 1981; Tan- 
ford, 1981). 

Conformational analysis 

Even though ppep-4 is known to fold  as a well-structured, &sheet 
sandwich tetramer (Ilyina  et al., 1997a, 1997b), information on the 
degree of folding of ppep-4 monomers and dimers  is lacking. For 
insight into the nature of these conformational states, CD and 
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Fig. 3. Fractional populations for oligomer states. Fractional populations 
for monomer, dimer, and tetramer states, determined as described in the 
text, are plotted (filled-in symbols) versus the ppep-4 peptide concentra- 
tion. Data are shown for two temperatures, 283 and 313 K. ForfT, error 
bars represent variations in using the cut and weigh method, whereas for& 
andfD, error bars represent the range of values determined by recalculating 
fractional populations within the error limits for D values. Error bars are 
shown only for  some  data points. Lines drawn through experimental 
points represent fractional populations calculated from average values of 
KD and K T .  

NMR spectra were acquired at low ppep-4 concentrations where 
tetramer populations are reduced and populations of dimer and 
monomer states are enhanced. 

Analysis of diffusion data  (Fig. 3) has indicated that at 313 K 
and 0.4 mM, ppep-4 dimers and tetramers are approximately equally 
populated (45-50%), and monomers  are present at about 5%. Un- 
der these conditions, the CD trace (Fig.  4, left panel) shows a 
strong negative ellipticity centered at 217 nm. This  CD band is 
characteristic of &sheet conformation (Greenfield & Fasman, 1969; 
Johnson, 1990; Waterhous & Johnson, 1994). At 0.13 mM, where 
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fT has fallen to about 0.35 and fD and fM have risen to about 0.6 and 
near 0.1, respectively, the CD trace reflects mostly /3-sheet struc- 
ture with the appearance of a shoulder on  the far W side of the 
217 nm band. Upon  lowering  the  concentration  further to 
0.013 mM,f~ is less than 0.1, whilefD remains at about 0.6 andfM 
rises to near 0.3. Here, CD data  show an attenuated &sheet band 
and a more prominent band between 200 and 205 nm, which is 
characteristic of random structure distributions predicted for mostly 
unstructured peptides (Bierzynski et al., 1982; Shoemaker et ai., 
1985; Waterhous & Johnson, 1994). 

These results indicate that as the concentration is lowered and 
the monomer population is increased, the population of “unstruc- 
tured” ppep-4 increases. The logical conclusion is that /?pep-4 is 
more “unstructured” in the monomer state relative to that in dimer 
and tetramer states. This view is reinforced by analyzing CD spec- 
tra acquired at 0.013 mM and at the lower temperature of 278 K 
(Fig.  4, right panel), where monomer ppep-4 represents at least 
80% of the oligomer species. Now, the CD trace more clearly 
shows that monomer ppep-4 is indeed mostly unstructured. A shoul- 
der on the near-UV side of the main band appears to account for 
the 20% or so dimer (p-sheet) present. Present CD  data also ex- 
plain why earlier CD results on ppep-4  (Mayo et al., 1996) showed 
nearly equally intense CD bands at 204 nm and 217 nm. In that 
study, CD data were acquired using a peptide concentration of 
0.1 1 mM [not the 10-20 mM as stated in the Figure 8 legend 
(erratum)]. At this concentration, and particularly at 278 K, con- 
siderable amounts of monomer ppep-4 are present in solution. 

From the present study, it also may be concluded that ppep-4 
dimers  are comprised mostly of p-sheet structure because the 
217 nm CD band is the more prominent at concentrations where 
mostly dimers or dimers and tetramers are present. Related to this 
is the question of whether dimer ppep-4 is well structured and 
compactly folded or not. Because only tetramer #?pep-4 shows 
highly downfield-shifted a H  resonances indicative of well-structured 
P-sheet conformation (Mayo et al., 1996; Ilyina et al., 1997a, 
1997b), it is likely that dimer ppep-4 forms transient @sheet con- 
formation. For further insight into the conformational characteris- 
tics of the dimer state, 2D NMR TOCSY and NOESY spectra were 
acquired at concentrations of 0.32  and 0.079 mM to maximize the 
dimer population and reduce the tetramer population while still 
allowing for reasonable ‘H-NMR signal to noise. Because peptide 
concentrations were low and  oligomer populations were spread 
primarily over dimer and tetramer states thereby lowering effective 
concentrations in each state, data were acquired only in D20 in 
order to minimize problems with solvent suppression and to ob- 
serve aH resonances close to the water resonance. 

Figure 5 shows the a H  region from TOCSY spectra acquired 
at 5.3 mM (313 K) (left panel), 0.079 mM (313 K) (middle 
panel), and 0.079 mM (283 K) (right panel). Downfield-shifted 
aH resonances assigned to residues which form the p-sheet in  
well-structured @pep-4 tetramers (Ilyina et al., 1997b) are la- 
beled (left panel). At the highest peptide concentration where 
mostly tetramer @pep-4  is present, the more upfield a H  reso- 
nances arise primarily from N-terminal and loop residues: S1, 
12, 43 ,  R13, K14, Q15, A16, K17, N25, D26, G27, and R28, 
associated with the tetramer state. Some cross-peaks for these 
residues have  also been labeled in Figure 5 (left panel). When 
the /?pep-4 concentration is lowered to 0.32 mM, downfield aH 
cross-peak intensities are diminished while more upfield aH res- 
onances are increased in intensity (data not shown). This results 
from an increase in dimer population and indicates, not unexpect- 
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Fig. 4. CD Spectra of ppep-4. Far-ultraviolet circular dichroic spectra for ppep-4 peptide are shown as mean residue ellipticity versus 
wavelength (nm). Peptide concentration was varied from 0.013 mM to 0.4 mM, as indicated in the figure. The pH was adjusted to pH 6.  
Data for two temperatures are shown: 278 and 313 K. Other experimental variables are given in Materials and methods. 

edly, that aH resonances in the dimer state overlap with  N-terminal 
and  loop aH resonances arising from the tetramer state. This 
trend is more pronounced at  0.079 mM (Fig. 5, middle panel), 
where the dimer population is about twice that of the tetramer 
and the  monomer population is minimal. To further reduce the 
tetramer population at  0.079 mM, the temperature was lowered 
to 283 K, where dimer  and monomer populations are about 70 
and lo%, respectively. Now, TOCSY cross-peaks from mostly 
upfield a H  resonances are  apparent  (Fig. 5, right panel). As 
noted earlier, some well-structured tetramer exists even under 
these conditions, as evidenced by the presence of downfield shifted 
a H s  (observe diagonal). Resonance amplitudes for tetramers, how- 
ever, are reduced and broadened due to chemical exchange at 
reduced tetramer populations. It is partly for this reason that 
TOCSY cross-peaks for the tetramer are very weak or are not 
observed. From this series of experiments it is not only evident 
which resonances  are associated with lower  oligomer states (pri- 
marily dimers), but confirms that resonances from the tetramer 
state are  in  slow  chemical  exchange (NMR chemical shift time 
scale) with resonances associated with those lower oligomer states. 

NOESY  spectra provided little additional  information, and be- 
cause data were not acquired in H20 for reasons given above, the 
standard sequential assignment approach on the dimer state could 

not be used. However, a number of amino acid spin systems in the 
dimer state could be identified as labeled in Figure 5 (right panel). 
For example, Ppep-4 has three serines, and  three  serine spin systems 
are observed. Using the Wishart et al. (1992) chemical shift index 
(labeled at the bottom of the middle panel in Figure 5), the most up- 
field of these aHs falls within the random coil chemical shift range, 
while the other two a H s  resonate 0.13 and 0.21 pprn downfield from 
the random coil position. This suggests that two serines are involved 
in /?-sheet conformation. For reference, Figure 6 shows the &sheet 
fold in  a monomer subunit from tetramerppep-4 (Ilyina et al., 1997b). 
Note that S1 is N-terminal, while both SS and S31 are indeed in- 
volved in P-sheet structure. Similar comparisons suggest that two or 
three [in particular W18 (distinguished by an NOE between its pH2 
and ring proton resonances)] of the seven AMX spin systems, one  or 
two of the three Q/Es, the unique M9 [distinguished from Q/E spin 
systems by more downfield shiftedj?H2 and yH2 resonances (Wuth- 
rich, 1986)], one of the two arginines [identified from GH2-aH 
TOCSY cross-peaks], at least two  of the five lysines, and it appears 
most of the  p-branched hydrophobic residue aHs are  also 0.1 to 
0.3 ppm downfield shifted from their respective random coil posi- 
tions. This fair number of downfield-shifted a H s  indicates the pres- 
ence of P-sheet conformation in the Ppep-4 dimer state, which is 
consistent with CD data. 
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Fig. 5. HOHAHA Spectra for  ppep-4. HOHAHA contour plots are shown for  ppep-4 peptide in D20. Solution conditions were varied 
from 5.3 mM ppep-4,  313 K (left panel) to 0.079 mM ppep-4,  313 K (middle panel) to 0.079 mM ppep-4, 283 K (right panel). Two 
hundred fifty-six hypercomplex FIDs containing 2 k words each were collected and processed as discussed in Materials and methods. 
Data were zero-tilled to 1024 in t 1. The raw data were multiplied by a 30" shifted sine-squared function in tl and t2 prior to Fourier 
transformation. Labeling of resonances is as discussed in the text. 

By assuming that a particular (YH chemical shift difference 
[tetramer-random coil (rc)] represents fully folded P-sheet, 
the percent P-sheet fold in the dimer can be estimated by taking the 
ratio of a H  chemical shift differences: [A8D.,]/[A6T.,] X 100. 
The average percentage of p-sheet fold in the dimer state is esti- 
mated to be between 30 and 35%, with a range of 26 to 48%, 
depending upon which aH resonance is used. This combined with 
the apparent absence of conformationally informative inter-strand 
NOES, for example, a H - a H ,  suggests that the /?-sheet structure 
within the  dimer state is transient. The Bpep-4 dimer exhibits 
characteristics of a molten globule (Jaenicke, 1991; Ptitsyn & Semi- 
sotnov, 1991) by possessing considerable P-sheet conformation 
with little, if any, fixed tertiary structure. 

Because a high-resolution structure for  dimer ppep-4 is natu- 
rally lacking, it  is unknown if the /?-strands and their alignments in 
the P-sheet  are the same in the  dimer  as those in the well-folded 
tetramer (Fig. 6) (Ilyina  et  ai., 1997b). Some insight into this can 
be derived from a H  chemical shifts of ppep-4 dimer resonances 
described above. In the dimer, both valines, two serines, the me- 
thionine (M9), one arginine, at least two lysines, and most of the 

isoleucines and leucines appear to be involved in P-sheet structure. 
This distribution is similar to that in P-strands in a monomer 
subunit of the tetramer (Fig. 6). Moreover, the unique alanine, 
A16, which is positioned within a loop between P-strands 1 and 2 
in a monomer subunit of the tetramer, exhibits a random coil aH 
chemical shift in the dimer, consistent with its not being part of a 
/?-strand in the dimer. That  loop sequence also contains two ly- 
sines, and in the dimer state, about two lysines do show random 
coil chemical shifts. Although this is by no means proof that the 
transient @sheet fold in the dimer is the same a s  in the tetramer, 
it is suggestive. 

Discussion 

The data presented here suggest a pathway for  the folding and 
unfolding of ppep-4 as summarized by the following equilibria: 

M * DMG * T(DI +DZ). (2) 

Monomer (M) species  are mostly composed of random coil struc- 
tures with the possible presence of some partially folded, P-sheet 
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Fig. 6. Backbone fold for monomer @pep-4. The backbone fold for the 
monomer subunit from compact tetramer ppep-4  (Ilyina  et al., 1997b) is 
shown. Lines connect inter-strand aH-aH groups in the anti-parallel @-sheet 
conformation. 

structure. Monomers associate to form molten globule-like, /?-sheet 
dimers (DMG)  with an equilibrium between the two, which is 
shifted to D M G .  Association of monomers into  dimers could occur 
in two ways: (1) through the hydrophobic faces of amphipathic 
/?-sheet monomers or (2) via continuation of the monomer anti- 
parallel /?-sheet into a six-stranded structure like that found in 
well-structured ppep-4 tetramers (Ilyina  et al., 1997). If the @sheet 
were merely continued in D M G ,  however, the hydrophobic surface 
of the amphipathic dimer would remain mostly exposed to solvent 
water, and this would be thermodynamically unfavorable and likely 
yield very small populations of DMG.  The fractional population of 
DMG derived from the analysis of diffusion data, however, is rather 
large. Combined with the apparent temperature independence in 
K D ,  which suggests hydrophobically mediated dimerization, i.e., 
negative AG, near zero A H  and highly positive AS (Ross & Sub- 
ramanian, 1981), the more probable way for monomers to associ- 
ate  is  as /?-sheet sandwich dimers. Perhaps the best evidence for 
formation of /?-sheet sandwich dimers  comes from the observation 
that the /?pep4 V7 N-methyl variant, which cannot form six- 
stranded /?-sheet type dimers, still dimerizes. Betabellin (Richard- 
son & Richardson, 1989; Richardson et al., 1992; Yan & Erickson, 
1994) and betadoublet (Quinn et al., 1994) peptides also associate 
as /?-sheet sandwich dimers. In the pathway shown above, /?pep-4 
DMG then associate to form well-folded, /?-sheet sandwich tetra- 
mers (T(D, +DZ)). Here, Dl and D2 represent the  two types of six- 
stranded /?-sheet dimers observed in the NMR-derived structure of 
/?pep-4 tetramers (Ilyina  et al., 1997b). 

General aspects of the ppep-4 folding pathway are depicted in 
the free energy level diagram in Figure 7. Because KD is greater 

that KT, the  free energy for formation of DMG (AG$13K = -7.3 
kcal/mol) is greater than that for  the DMG-DMG association step 
and transition to the well-structured tetramer (AG;l3' = -5.7 
kcal/mol). The overall free energy for formation of well-structured 
tetramers is -20.3 kcal/mol (2AGD + A&). Interestingly, this is 
almost the same value obtained for the free energy of formation of 
alpha 1 peptide into a tetramer four-helix bundle (-20.8 kcal/mol) 
(Kaumaya  et al., 1990). Thermodynamic stabilities of other four- 
helix bundles (Munson  et al., 1994; Bryson et al., 1995) and coiled 
coils  (Harbury  et al., 1993; Lumb et al.,  1994; Zitzewitz et al., 
1995) formed from similar length peptides or similar numbers of 
amino acid residues, are similar to free energies of association/ 
folding  for /?pep-4. For examples, AG values are -8.1 kcal/mol, 
-7.3  kcal/mol, and -7.5 kcal/mol, respectively, for  folding di- 
meric four-helix bundles Ropll,  Ropl3, and Rop21 (Munson 
et al., 1994); -7.8 kcal/mol for folding alpha 3, another dimeric 
four-helix bundle (Kaumaya  et al., 1990), and - 10.5 kcal/mol for 
folding the leucine zipper peptide 33mer GCN4-pl (Zitzewitz 
et  al., 1995). Notice that most of these free energies are for for- 
mation of dimers and are very close to the /?pep4 AGD value of 
-7.3 kcal/mol. Moreover, thermodynamic stabilities of these di- 
meric peptide structures have also been associated with interfacial 
hydrophobic side-chain interactions which, in various combina- 
tions, impart greater or lesser stability. 

As with coiled coils and four-helix bundles, exclusion of  hy- 
drophobic residues from polar solvent is  the primary force that 
drives overall /?pep4 folding, and while fixed tertiary structure 
may contribute to a better defined and therefore a more stable 
subunit interface, the hydrophobic surface area of contact between 
DMG monomer subunits is considerably greater than that between 
these dimer types in the tetramer. At the dimer-dimer (tetramer) 
interface, both hydrophobic contacts and hydrogen bonding be- 
tween anti-parallel p-strands contribute to ACT. Hydrophobic con- 
tact surface area, therefore, presumably dictates the larger free 
energy of monomer association regardless of internal flexibility in 
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Fig. 7. Free energy level diagram for  ppep-4 folding. A free energy level 
diagram is shown for the proposed ppep-4 folding pathway. The relative 
free energy is plotted on the vertical axis and a relative folding reaction 
coordinate is plotted on the horizontal axis. 
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DMG. In fact, while considerable conformational entropy probably 
remains in DMG, it is relatively reduced in T(DI+DZ). Reduction in 
conformational entropy (internal flexibility) contributes to a more 
positive AG. 

Figure 7 also shows activation energy barriers between DMG and 
T(DI+D~) and between M and DMG.  The exchange rate between 
DMG and M appears to be fast on the NMR chemical shift time 
scale  (greater than 1,000 s-’), because only one set of non- 
tetramer TOCSY cross-peaks could be discerned for individual 
amino acid spin systems when the /?pep-4 concentration was re- 
duced to where mostly dimer  and monomer states were present. On 
the  other hand, the DMG to T(DI+~2)  transition is slow on the NMR 
chemical shift time scale. This  is indicated by the observation of 
individual sets of resonances in TOCSY contour plots for T(DI+D2) 
and lower oligomer states (primarily dimers) resonating more up- 
field. A slower exchange rate indicates a higher activation energy 
barrier as depicted in Figure 7 for  the DMG to T ( D I + ~ ~ )  transition. 

The jump rate from T(DI +D2) to DMG can be estimated from line 
width changes (Jardetsky & Roberts, 1981) as the population of 
folded tetramer decreases with decreasing peptide concentration. 
Downfield aH resonances are broader at lower concentrations where 
structured tetramer populations are less. Under the assumption that 
line width changes  are due solely to the subunit exchange process, 
these data indicate that the  exchange  rate from the tetramer state is 
about 20 sp l  to  100 s - I  (depending on concentration), or that the 
lifetime of the compact tetramer is on the order of 10 ms to 50 ms. 
This time scale is similar to that observed for monomer-dimer- 
tetramer oligomer exchange in protein platelet factor-4 (Chen & 
Mayo, 1991). 

ppep-4 p-sheet folding is thermodynamically linked with sub- 
unit association. Somehow on the reaction coordinate, DMG makes 
the transition to a well-folded, @sheet sandwich tetramer (T(D1 +DZ))r 

which occurs slowly on the chemical shift time scale. This sug- 
gests that the  inherent folding or conformational rearrangement 
process to well-folded tetramers falls  on  the order of about 100 ms. 
This is as fast as the folding of monomeric proteins where initial 
stages of folding occur on a time scale of less than about 5 ms and 
the final folding step to a well-structured state is rate limiting and 
occurs on a slower time. For  example, native structure is formed in 
a few hundred ms  in barstar (Nolting  et al., 1997) and hen lyso- 
zyme (Radford et al., 1992), and  in less than 20 ms in chymotryp- 
sin inhibitor-2 (Jackson & Fersht, 1991) and less than 10 ms in 
ubiquitin (Briggs & Roder, 1992). With ppep-4, however, the fold- 
ing process includes both dimer-dimer inter-molecular association 
and conformational re-shuffling to acheive the final  folded state. 

The mechanism by which this occurs  is unknown. It may be that 
“molten globule-like” dimers (DMG) first rapidly associate to form 
less structured tetramers, which then undergo a slower conforma- 
tional transition to the well-folded tetramer state. The alternative is 
to consider that DM, makes the transition to well-structured di- 
mers, which then associate into tetramers. This later scenario is 
less likely because a relatively large population of DMG is observed 
with no evidence  for the presence of well-folded dimers. More- 
over, from the unfolding side of the equilibrium, well-structured 
ppep-4 tetramers [T(,, +D2)] dissociate into  some initial dimer state 
that could remain well-structured for a period of time. Because a 
buildup of well-folded dimer is not observed, however, the rate of 
unfolding to DMG must occur  on a time  scale that is faster than that 
for T(DI+DZ) dissociation, i.e., faster than 1 to10 ms. In any event, 
the unfolding step from T[DI+D~) to DMG and then to M is very 
rapid relative to the unfolding kinetics in small monomeric pro- 

teins. For example, barnase (Matouschek et al., 1989) has a half- 
life of several hundred seconds, while chymotrypsin inhibitor 2 
(Jackson & Fersht, 1991) and Trp synthease a-subunit (Beasty 
et al., 1986) have half-lives greater than 1 h, and human lysozyme 
(Taniyama et al., 1992) has a half-life of several days.  This fast 
unfolding step is but another way to view the relative instability of 
/?pep-4 @sheet structure outside the tetramer. Apparently hydro- 
phobic side-chain interactions alone (at least in the context of the 
ppep-4 sandwich dimer) are not sufficient to maintain well-folded 
structure. Optimal side-chain packing is crucial to fold stability 
and compactness (Tanimura et al., 1994). Perhaps the unique struc- 
ture in the tetramer is locked in when interfacial dimer-dimer 
p-strand hydrogen bonds fall into the appropriate register between 
subunits. This should occur in a correlated fashion with good side- 
chain packing of the sandwiched hydrophobics-residues. Behe 
et al. (1991) reported that hydrophobic interactions alone provide 
insufficient directionality and specificity for native-like folding. In 
ppep-4, the interfacial p-strand hydrogen bonds could direct the 
uniqueness of the fold. 

ppep-4 folding at the quaternary level is in many ways analo- 
gous to folding on the tertiary level with small monomeric pro- 
teins. There, an unfolded (U) protein folds rapidly to a partially 
folded or perhaps intermediate state ( I )  (maybe a molten globule), 
which then undergoes a slower transition to the native (N) fully 
folded state. In our  case, ppep-4 monomers have mostly un- 
ordered conformation, forming little p-sheet structure outside of 
higher oligomer states; molten globule-like dimers (DMG) may 
serve as a model folding intermediate, which associates and then 
folds further in a rate-limiting step to form well-structured, in this 
case native, tetramers ( T ( D l + ~ 2 ) ) .  The transition from DMG to 
T(DI+D2) is particularly intriguing and mandates further study, which 
is currently underway. 

Materials and methods 

Peptide  synthesis 

The  33 residue peptide, ppep-4:  SIQDLNVSMKLFRKQAKWM 
IVKLNDGRELSLD, was synthesized on a Milligen Biosearch 
9600 automated peptide synthesizer. The procedures used were 
based on Menifield solid-phase synthesis utilizing Fmoc-BOP chem- 
istry (Stewart & Young, 1984). After the sequence was obtained, 
the peptide support and side-chain protection groups were acid 
(trifluoroacetic acid and scavenger mixture) cleaved. Crude pep- 
tide was analyzed for purity on a Hewlett-Packard 1090M analyt- 
ical HPLC using a reverse-phase C18 VyDac column. Peptide 
generally was about 90% pure. Further purification was done on a 
preparative reverse-phase HPLC C-18 column using an elution 
gradient of 0-60% acetonitrile with 0.1% trifluoroacetic acid in 
water. ppep-4 then was analyzed for  amino acid composition on a 
Beckman 6300  amino acid analyzer by total hydrolysis of samples 
using 6 N HCl at 1 10 “C for 18-20  h. N-terminal sequencing 
confirmed peptide purity. 

NMR measurements 

For NMR measurements, freeze-dried peptide was dissolved either 
in D20 or in H20/D20 (9: 1). Protein concentration normally was 
in the range of 1 to 5 mM. pH  was adjusted by adding pL quan- 
tities of NaOD or DCI to the peptide sample. NMR spectra were 
acquired on a Varian Inova Unity Plus 600 spectrometer. 
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2D-Homonuclear magnetization transfer (HOHAHA) spectra, 
obtained by spin locking with a MLEV-17 sequence (Bax & Davis, 
1985) with a mixing time of 60 ms,  were used to identify spin 
systems. NOESY experiments (Jeener et al., 1979; Wider et al., 
1984) were performed for conformational analysis. All 2D-NMR 
spectra were acquired in  the  TPPI  (Marion & Wiithrich, 1983) or 
States  (States  et al., 1982; Marion et al., 1985) phase sensitive 
mode. The water resonance was suppressed by direct irradiation 
(0.8 s) at the water frequency during the relaxation delay between 
scans  as well as during the mixing time in NOESY experiments. 
2D-NMR spectra were collected as 256  to  400 t l  experiments, 
each with 1 k or 2 k complex data points over a spectral width of 
6 kHz in both dimensions with the carrier placed on the water 
resonance. For HOHAHA  and NOESY spectra, normally 16 and 
64 scans, respectively, were time averaged per t l  experiment. Data 
were processed directly on the spectrometer or off line using FELIX 
(Molecular  Simulations, Inc.) on an SGI workstation. Data sets 
were multiplied in both dimensions by a 30-60” shifted sine-bell 
function and zero-filled to 1 k in the tl dimension prior to Fourier 
transformation. 

Pulsed-field gradient NMR self-difision measurements 

Pulsed field gradient (PFG) NMR self-diffusion measurements 
were acquired using a 5-mm triple-resonance probe equipped with 
an actively shielded z-gradient coil. The maximum magnitude of 
the gradient was calibrated by using the standard manufacturer’s 
procedure and  was found to be 60 G/cm, which is consistent with 
the value of 61 G/cm obtained from analysis of PFG  data  on water 
using its known diffusion constant (Mills, 1973). The linearity of 
the gradient was checked by performing diffusion measurements 
on water over different ranges of the gradient. The PFG longitu- 
dinal eddy-current delay pulse sequence (Gibbs & Johnson, 1991) 
was used for all self-diffusion measurements that were performed 
in D 2 0  over the temperature range 278 to 3 13 K. Peptide concen- 
trations ranged from 0.05 to  20 mg/mL. 

For unrestricted diffusion of a molecule in an isotropic liquid, 
the relative change in the PFG-NMR signal amplitude is related to 
the diffusion coefficient, D, by (Stejskal & Tanner, 1965): 

R = exp[-y2g2S2D(A - S/3)] (3) 

where y is the gyromagnetic ratio of the observed nucleus; g and 
6 are the magnitude and duration of the magnetic field-gradient 
pulses, respectively, and A is the time between the gradient pulses. 
For these  studies, experimental conditions were: S = 4 ms, g = 1 
to  45 G/cm, A = 34.2  ms,  and the longitudinal eddy-current delay 
T, = 100 ps. Each diffusion constant was determined from a series 
of 15 one-dimensional PFG  spectra acquired using different g 
values. Experimental decay curves were approximated as single 
exponentials. Three upfield methyl and methylene resonances were 
used to derive average D values for  each set of conditions. 

PFG NMR self-diffusion measurements were also performed on 
globular proteins lysozyme, ribonuclease, and ubiquitin as stan- 
dards. At 293 K, D values are 10.1 X 10” cm’/s for lysozyme, 
10.2 X cm2/s for ribonuclease, and 14.3 X 10” cm’/s for 
ubiquitin. These D values agree reasonably well with those values 
in the literature: 10.6 X cm2/s  for lysozyme (Dubin  et al., 
1971) obtained from light scattering by extrapolation to infinite 
dilution; 10.7 X cm2/s (Squire & Himmel, 1979)  for ribo- 
nuclease also obtained from light scattering by extrapolation to 

infinite dilution, and  14.9 X lop7 cm2/s for ubiquitin (Altieri 
et al., 1995) obtained by using similar PFG NMR measurements. 
This relatively good agreement in diffusion coefficients indicates 
that the PFG longitudinal eddy-current delay-pulse sequence al- 
lows derivation of accurate diffusion constant values. 

The Stokes-Einstein equation D = kgT/6r~R was used to relate 
D to the macromolecular radius, R, which in turn, is considered to 
be proportional to a power, a,  of the apparent molecular weight, 
Mapp. For solid spheres, R is proportional to Mi/;, while for ran- 
dom coils R is proportional to Mi/; (Cantor & Schimmel, 1980). 
Qpically a = 1/3 is used for compact globular proteins. In gen- 
eral, when comparing diffusion coefficients for two proteins, 1 and 
2, of the same type (either both random coil or both compact) 
under the same conditions: 

Use of the Stokes-Einstein relationship has been derived specifi- 
cally for a hard sphere. The actual molecular shape and the shape 
of the molecular oligomer are expected to affect the diffusion 
coefficient. The maximum change,  for example, in Ddimer due to 
dimer geometry compared to D of a spherical molecule of equal 
volume would be about 5% (Teller et al., 1979). 

Circular dichroism 

Circular dichroic (CD) spectra were measured on a JASCO JA-710 
automatic recording spectropolarimeter coupled with a data pro- 
cessor. Curves were recorded digitally and fed through the  data 
processor for signal averaging and baseline subtraction. Spectra 
were recorded from 278 to 31 3 K in the presence of 10 mM 
potassium phosphate, over a 185 to 250 nm range using a 0.5 mm 
path-length, thermally jacketed quartz cuvette. Temperature was 
controlled by using a NesLab water bath. Peptide concentration 
was varied from 0.014 to 0.14 mM. The scan speed was 20 nm/ 
min. Spectra were signal averaged eight times, and an equally 
signal-averaged solvent baseline was subtracted. 
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