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ABSTRACT. The left-handed polyproline Il (B helix is a structure that has been given a great deal of
attention lately because of its role in a wide variety of physiologically important processes and potential
significance in protein unfolded states. Recent work by several authors has shown that residues besides
proline can adopt this structure. A scale of relativiehelix-forming propensities has been generated but

only for single guest residues in a proline-based host system. Here, we present multiple guest residues in
a proline-based host system. Using circular dichroism spectroscopy, we have shown that not only single

residues, but also short sequences of non-proline

The polyproline 1l (R)* structure is a left-handed Belix
with ideal backbone dihedral angles@f= —75° andy =
145°. Approximately 10% of all protein residues havg P
dihedral anglesl(), with about 2% of the residues in known
structures being part of,fhelices of four residues or longer
(2, 3). On average, each protein possesses qnigelx. A
polyproline | (R) structure also exists with similar andy
dihedrals but with all peptide bonds in the cis conformation.
The R conformation is energetically unfavorable in aqueous
solutions @) and is not considered in the paper presented
here.

Py helices are important in numerous biological functions.

residues can adoptdbeférmation.

including Dukor and Keiderling20), Woody (L5), Wilson
and co-workers2), and Kallenbach and co-workers7,
with a recent increase in its interedi( 21—23).

Despite the clear importance of this structure, little is
known about the physical determinants gftielix formation.
Polymers of proline in aqueous solution are known to adopt
this conformation as a result of steric interactions between
prolyl rings @4). The prolyl ring restricts the angle of the
proline to—63 £+ 15° (25). Steric interactions between the
o0 carbon of the ring and thg carbon of the preceding proline
restrict they angle of the preceding residue to {heegion
of (¢,y) space 26). Such steric interactions will result in

They are known to play roles in processes such as signalany non-glycine residue immediately preceding a proline to

transduction), cell motility (6), immune responsé&’), and
perhaps formation of amyloid plagque Q). P, helices are
components of structural proteins such as collag®h&nd
plant cell wall proteins11). The R helix is believed to be
the dominant conformation of proline-rich sequencgd ),
as well as being adopted by sequences that lack prdiBe (
18).

Over 30 years ago, Tiffany and Krimra3) hypothesized

be restricted primarily to thg region @5). These steric
restrictions are not present for residues without a following
proline. It has been suggested that interactions between the
backbone and solvent play a major role in non-proline
residues adopting the,Ronformation 16, 17, 22, 23, 27—

29). Samulski and co-workers hypothesized that bridging
water molecules are responsible for an alanine dipeptide
adopting the [Pconformation 80). Other work suggests that

that protein unfolded states were composed of short stretcheshe R, conformation is preferred for minimizing intrapeptide
of Py helix interspersed with turns and bends. This was basedsteric conflicts and that interactions with the solvent com-
partially on similarities between the circular dichroism (CD) pensate for attractive intrapeptide interactio$)(

spectra of denatured proteins and that of homopolymers of

proline, which are known to adopt thg, Ronformation.
Various methods of denaturation result iirlike CD spectra
for numerous proteins and peptides, suggesting that the P
conformation is an integral part of the denatured stag}. (

In earlier work @8, 32), our group utilized a hostguest
system consisting of peptides of sequence Ac-@FXe)
(Prok-Gly-Tyr-NH,, where X is each of the 20 naturally
occurring residues, to determing-Relix-forming propensi-
ties. The guest residue in our host system is immediately

Several groups have explored this hypothesis over the yearsfollowed by a proline. Guests with/&carbon are therefore
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restricted to thep region but not necessarily the, P
conformation because thefr angles are not restricted by
following prolines. Although the scale ofhelix-forming
propensities derived from these studies is useful for the study
of the conformational properties of proline-rich sequences,
it is not clear how applicable it is to systems where residues
are not sterically restricted by proline. When more than one
guest residue is added to this host system, only the C-terminal
guest is restricted by the following prolyl ring; the rest are
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unaffected by local steric interactions with proline. Here, we a
present data for our proline-based host system containing 10

multiple alanine, glutamine, asparagine, or valine guests.
Peptides containing multiple alanine or glutamine residues
are found to adopt the,Pconformation. Asparagine and
valine guests disfavor,Fhelix formation. The data presented
demonstrate that sequences of multiple non-proline residues
are able, and in some cases prefer, to adopt the P
conformation and that residues possess intringihétix-
forming propensities that are independent of interactions with
proline.

2

(6]
107 deg dmol” c¢m

MATERIALS AND METHODS

-50

Peptides used in this paper were purchased from Pepti- 190 200 210 220 230 240 250 260
dogenic Research and Co. (Livermore, CA). All peptides had Wavelength
their identities confirmed using mass spectrometry and were nm

purified to >95% using reverse-phase HPLC. Stock solutions
were prepared by dissolving peptides in a buffer containing
5 mM potassium phosphate, 5 mM sodium fluoride, and
0.02% sodium azide as a preservative, with the buffer pH
adjusted to 7. The peptide concentration was determined
using the method of Brandts and Kapla&8), Absorbance
was measured using a 1.0-cm path-length cuvette in a
Beckman-Coulter DU 640B spectrophotometer. The mon-
omeric states of the peptides were determined from CD
spectra collected during temperature titrations.

CD spectra were measured using Jasco J-810 and J-710
spectropolarimeters. For far-UV spectra, a 1-mm path-length
quartz cuvette was used with solutions containing ap-
proximately 100uM peptide. For some far-UV spectra, as
noted in the text, a 1-cm path-length quartz cuvette was used Wavelength
with solutions containing approximately 10M peptide. nm

Near-UV spectra were collected using a 1-cm path-length FIGURE 1: CD spectra of peptides atE. (A) P7 peptide. (B) P7

quartz cuvette with approximatgly 200/ peptide solytions. peptide (solid line) with GIn (long- and short-dashed line), Ala
Spectra were collected at’®& with a 0.5-nm resolution and  (jong-dashed line), Asn (short-dashed line), and Val (medium-

a scan rate of 200 nm mifh Reported spectra are averages dashed line) single guest residue peptides. Inset shows the maxima.
of 30 scans and are not smoothed. Each spectrum was

measured at least three times with individually prepared
peptide solutions. Reported molar ellipticities are estimated
to have errors of approximatehz3%.
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guest residues are added to a proline-based system. Because
of the aforementioned steric effects of the prolyl ring, the
first, second, fourth, and fifth prolines in the peptide are
RESULTS AND DISCUSSION restricted to the Pregion of ¢,y) space. Because of this,
) ) the CD spectra presented in this paper will always have a
The CD spectrum of a seven proline peptide, Ac-(Pro)  component of P, despite the effect of guest residue(s). The
Gly-Tyr-NH; (P7), at 5°C is shown in Figure 1A. The P7  ,ohensity of a given residue to adopt a @nformation

peptide has been shown previously to be predominantly ayg|ative to proline is demonstrated by any deviation from
Py helix through NMR and CD spectroscopg8j. It has a the P7 peptide model.

CD spectrum with a maximum at 228 nm and a minimum ) . . . .
at 205 nm, which are hallmarks of the Relix in aqueous The mtrqductlon of alanine results in or.lly.as_llght decrease
solution. The P helix is the only secondary structure that " the maximum of the CD spectrum. This indicates that the
has a maximum in this regior84); therefore, we use the addition of this residue to the host system does not greatly
maximum to indicate the presence of the conformation. The disrupt the i conformation. It has been demonstrated using
maximum moves to lower wavelengths as non-proline NMR and CD spectroscopy that a seven residue alanine
residues are added to the host system, a result of the differenpeptide prefers the,Rconformation in an aqueous environ-
absorbance properties of primary, secondary, and tertiaryment (7). Other experimental work has shown that alanine
amides 15). The maximum in a PCD spectrum can also  possesses significanf Bharacter in conditions that preclude
shift to higher or lower wavelengths because of contributions a-helix formation @3, 35, 36). Under these conditions, it is
from other secondary structures at nearby wavelengths.  believed that backbone solvation favorsiielix formation

The effect of adding single nonproline guest residues (GlIn, (17, 27, 32, 35). The side chain of alanine is small enough
Ala, Asn, or Val) to the host system is shown in Figure 1B. to not interfere with solvation. Bulky-branched residues
Each peptide still has a cleay Bignal, but the effect of the  will partially bury the backbone, preventing optimal solvation
guest residues differs greatly. It should be noted that theseand disfavoring the Pconformation 28). This could be the
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Ficure 3: CD spectra of glutamine guest peptides &C5 with
single GIn guest (solid line), two GIn guests (small-dashed line),
three GIn guests (long- and short-dashed line). Inset shows the
maxima.

reason for the dramatic decrease in the maximum of the relevance of these results as compared to the experimental
valine peptide as compared to P7. The specific mechanismgata is not clear.
of backbone solvation is not yet fully understood, butitis  The glutamine peptides in Figure 3 show a decrease in
thought to be more complex than simple accessibi®y, ( the R, content as the number of guests is increased. There
30, 31, Chellgren and Creamer unpublished data). is a substantial drop in the maximum in the CD spectrum
The introduction of a glutamine guest residue results in a with the introduction of the second glutamine and then a
slight decrease in the maximum of the CD spectrum. As smaller change with the addition of the third guest. This may
noted previouslyZ8), glutamine has the second highegt P be due to the nature of our proposed side chain to backbone
forming propensity of all of the residues in the proline-based hydrogen bond. The formation of a hydrogen bond, which
host system. We hypothesized that this is due to anlocks the glutamine side chain and the backbone of two
intermittent side chain to backbone hydrogen bond betweenresidues into a single conformation, is entropically costly.
the glutamine side chain amide group and the carbonyl For the C-terminal glutamine residue and the following
oxygen of the following residue( 28, 29, 32). Such a bond proline, this cost is lowered because ¢hangle of the proline
would restrain thep angle of the glutamine in addition to s restricted in a prolyl ring and thg angles of both residues
both ¢ andy angles of the following residue. The proper are restricted by following prolines. Because of this, the three
orientation of atoms for this hydrogen bond occurs if both dihedral angles, which would be restricted by this hydrogen
the glutamine and the following residue are in-lke bond, are already restricted to be in or near the P
conformations. Interestingly, the similar asparagine peptide conformation by steric interactions. This situation is changed
has a much lower maximum. Asparagine is capable of when more than one glutamine is added. Each additional
forming a similar side chain to backbone hydrogen bond, glutamine is not followed by a proline and will thus have
but to obtain the proper orientation, asparagine cannot be intwo freely rotatable backbone dihedrals. In a two glutamine
Pi (29). guest peptide, the N-terminal guest residue is unrestrained
As previously mentioned, the addition of multiple guest and the C-terminal guest residue has a restraipeazhgle
residues into this host system will demonstrate the intrinsic because of the following proline. The formation of this
conformational preferences of the guest, with only the hydrogen bond has an entropic cost from restraining two
C-terminal guest residue being sterically restricted by proline. rotatable backbone dihedrals instead of none. In a peptide
The data presented in Figure 2 show that addition of multiple of three or more glutamine residues, each additional hydrogen
alanine residues has little effect on thedfgnal, indicating bond would restrain three rotatable backbone dihedrals. This
that alanine favors this conformation. This is in accordance may not be a purely additive effect, because restraining two
with the work of Kallenbach and co-workers, who found residues with a hydrogen bond would make the entropic cost
that alanine peptides too short to fomrnhelices prefer the  of forming the preceding or following hydrogen bond lower,
Py conformation 17). The data also agree with Schweitzer- suggesting the possibility of cooperativity. Because of this
Stenner and co-workers, who have demonstrated that aentropic effect, we might expect thg Bontent of glutamine-
tetraalanine peptide in water adopts thecBnformation 86). containing peptides to begin high and then decrease to some
Alanine is essentially pure backbone, implying that the basal level as the differences in hydrogen bond formation
backbone favors the;Pconformation. Scheraga and co- entropic effects average out. Even with the decrease in the
workers performed calculations suggesting that, in water, maxima, however, there is still a cleai Bpectrum from
alanine has a low propensity to adopt thed®nformation each of the three glutamine-containing peptides. This indi-
(37). These calculations were performed using a gas-phasecates that glutamine has a relatively high intrinsic propensity
representation of the potential energy function with either a to adopt the P conformation.
solvent-accessible surface area model or a multigrid boundary Figure 4 shows the results of the addition of multiple
element method to represent the solvent interactions. Theasparagine residues. The maximum decreases with each

FiGure 2: CD spectra of alanine guest peptides &C5with single
Ala guest (solid line), two Ala guests (small-dashed line), three
Ala guests (long- and short-dashed line). Inset shows the maxima.
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Ficure 6: Plot of CD spectra maxima versus the number of guest
Wavelength residues for the peptides containing a guest single, double, or triple
nm (GIn, Ala, Asn, or Val) sequence.

FiGuRe 4: CD spectra of asparagine guest peptides & Swith
single Asn guest (solid line), two Asn guests (small-dashed line), with asparagine, we believe the broad, low peaks seen in

three Asn guests (long- and short-dashed line). Inset shows thethe cpD spectra of the valine peptides are predominantly the
maxima. result of the prolines in the host system.
10 The results of adding multiple guest residues to a proline-

based host system are summarized in Figure 6, which is a
0 plot of the maxima from the CD spectra as a function of the
. 7” number of guest residues. Peptides with one, two, or three
E o \ i alanine guest residues have roughly equivalent maxima in
- \\ s their CD spectra. This supports Kallenbach and co-workers
_ g \ \ \/’."./ 05 (17), who assert that an alanine oligomer in aqueous solution
=3 N 5 17 T will adopt a R conformation if it is too short to form aa
3 \, NS ,’ VR P helix. Glutamine-containing peptides show a decrease in the
RN s A4S T P, content with each additional guest residue, though still
- '\ ] . /’ / retaining a clear P CD spectrum with three guests. This
40 ‘\ ,’ / ] _,-' - indicates that glutamine has a relatively high propensity to
7 e adopt the P conformation. The high propensity for glutamine
50— 22'0 Z;o 2:0 25'0 — to adqpt the !?conformation has been proposed to be due
to a side chain to backbone hydrogen bond, although more
Wavelength work is needed to confirm this. Asparagine-containing
nm peptides show a decrease in the maxima with each additional

Ficure 5: CD spectra of valine guest peptides a3 with single guest residue and possess a loydBntent. Valine guests
Val guest (solid line), two Val guests (small-dashed line), three strongly disfavor the pPconformation. The maxima in the
Val guests (long- and short-dashed line). Inset shows the maxima. ~y spectra (Figure 5) do not rapidly decrease with additional
guest residues because these peptides likely already possess
additional guest residue. The small maximum remaining in the lowest R content possible for our proline-based host
the three asparagine guest peptide is likely due almostsystem.
entirely to the prolines in the host system. As previously A possible method of analyzing our CD data is through
mentioned, four of the prolines in the host peptide are the use of difference plots. Difference plots can be generated
restricted to the Pconformation, so there will always be an by subtracting the CD spectrum of peptide Ac-(B+X)-
element of R in the CD spectra. The negative maxima of (Prok-Gly-Tyr-NH, from that of Ac-(Pro}Xy+1-(Prok-Gly-
the single and double guest peptides are similar but decreas@yr-NH,. Such plots might indicate if an increasing propen-
significantly for the three asparagine peptide. It is not sity for another specific secondary structure is responsible
currently known why the addition of the third asparagine for the changes in the CD spectra with an increasing number
guest specifically causes this. of guests. As previously noted, the maximum of a CD
The data shown in Figure 1B, as well as earlier wdrg ( spectrum moves to a lower wavelength, referred to as a blue
28, 32), suggest that valine strongly disfavors thg P shift, as the ratio of secondary to tertiary amines increases.
conformation. Peptides containing additional valine residues, A difference plot between the residues with different numbers
shown in Figure 5, confirm this finding. There is a clear of guest residues would also display this blue shift. To model
decrease in the maximum with each additional guest residue this effect, we took the data from the single alanine guest
There is a significantlecreasen the minimum (strengthen-  peptide CD experiment and shifted the spectrum to shorter
ing of the negative band), which will be discussed later. The wavelengths by 0.5 or 1 nm. Figure 7 depicts the difference
decrease in the maximum follows the results of oyr P plot between the double and single alanine guest peptides
propensity scale, which indicafebranched residues, espe- in comparison to the difference plots between the single
cially valine, strongly disfavor the,Reonformation 82). As alanine guest peptide and the artificially blue-shifted data.
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4 the minima is not understood. It is possible that an inter- or

intrapeptide interaction could cause this result. An interpep-

/ tide interaction would be dependent upon the concentration
AN

of the sample. To explore this possibility, the CD spectra
? for valine-containing peptides were retaken using a 1-cm
.\

cuvette and a 10-fold lower sample concentration. These
l-’ ¥ \\% spectra (data not shown) were identical, within error, to the

1-mm cuvette spectra in Figure 5. To confirm the absence
{l O ; of interpeptide interactions, we performed a dynamic light
Py scattering experiment on the three valine guest peptide (data
not shown). A single peak with a calculated molecular weight

A equivalent to that of the monomer accounted for 100% of
v the mass of the sample.

3 An intrapeptide interaction specific for the valine-contain-
190 200 210 220 230 240 250 260 . . .
ing peptides could occur between guest valine(s) and the
Wavelength C-terminal tyrosine residue. We consider this to be unlikely
nm because of the four residues (Pro-Pro-Pro-Gly) between
FIGURE 7: Plot of CD difference spectra of the single alanine guest valine and tyrosine. The two N-terminal prolines in this set

peptide (PAP) subtracted from the double alanine guest peptide 3¢ restrained in the,Pconformation. This forms a fairly
(solid line), PAP subtracted from PAP blue-shifted 0.5 nm (small- . . . Ny
dashed line), or PAP subtracted from PAP blue-shifted 1.0 nm rigid shaft between valine and tyrosine and should preclude

(long- and small-dashed line). any hydrophobic interactions between the two residues. To
confirm the lack of interaction between tyrosine and valine,
we performed near-UV CD. If tyrosine is in a chiral
environment, which would occur if it interacted with the
guest valine residues, there will be a relatively strong band
creeri? at approximately 280 nm. Near-UV spectra were collected
at 5°C for the P7 peptide and peptides containing one, two,
or three valine guest residues (data not shown). None of the
4 spectra contained bands near 280 nm, and the four spectra
\ / were identical within error. These data suggest that the
tyrosine is either not interacting specifically with the
\ remainder of the peptide or it is interacting with prolines,
8 not valines. The near-UV CD spectrum of the three valine
\ guest peptide was also collected at°5and was identical
10 within error to that taken at 8C, another indication of the
\/ lack of interactions between the tyrosine and valine residues
2 200 210 220 230 20 230 260 (data not shown). Although intrapeptide interactions involv-
Wavelength ing valine appear unlikely, something is clearly happening
nm with the addition of the valine residues to the host peptide
FiGUre 8: Plot of CD difference spectra of the single valine guest besides the decrease in the ¢dntent. Schweitzer-Stenner
peptide (PVP) subtracted from the double valine guest peptide (solidand co-workers have presented data suggesting that short
I!ne), PVP subtracted from PVP que-shifteq 0.5 nm (small-dashed valine peptides adopt predominanﬂy a Sing|e extended
line), or PVP subtracted from PVP blue-shifted 1.0 nm (long- and conformation in water that is more extended than(23).

small-dashed line).
The results of this paper generally agree with oyr P
forming propensity scale3@). In that scale, glutamine had
The similarity between the genuine difference plot and those the second highest;Horming propensity following only
created with artificially blue-shifted data indicates that the Pproline. Alanine ranked in the top quarter of the amino acids
experimentally derived difference plot results primarily from examined, while asparagine was in the bottom quarter. Valine
the changing amide content. Difference plots for the remain- ranked last on the scale, with the lowest measurefning
ing alanine-containing peptides plus all of the glutamine- propensity. With the inclusion of additional guest residues
and asparagine-containing peptides give similar results (dataas shown in Figure 6, three of the four peptides behave in a
not shown). We therefore cannot conclude that the loss of manner similar to that predicted by our scale. Glutamine,
the R, content observed with an increasing number of guests asparagine, and valine each have a decrease in the maxima
in these peptides is due to an increasing preference for somef their CD spectra as the number of guests increase, but
other particular secondary structure. their relative order stays the same. Alanine does not follow
Unlike the other peptides, the difference plots for the valine this trend and does not show a significant decrease in the
peptides indicate interactions in addition to the blue shift maximum of its CD spectra. This suggests that, although
(Figure 8). As additional valines are added, the CD spectrasingle-residue guest peptides do not capture all of the
indicate that the minima deepen, while the maxima decreaseintricacies of R-helix-forming propensities in a proline-based
(Figure 5). The change in the maxima is due to the decreasinghost system, our previous scale may have some relevance
Py content of the peptide. The reason for the deepening ofto systems devoid of proline.
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