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UV Resonance Raman Measurements of Poly-L-Lysine’s Conformational Energy
Landscapes: Dependence on Perchlorate Concentration and Temperature
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UV resonance Raman spectroscopy has been used to determine the conformational energy landscape of poly-
L-lysine (PLL) in the presence of NaClO, as a function of temperature. At 1 °C, in the presence of 0.83 M
NaClOy, PLL shows an ~86% «a-helix-like content, which contains a-helix and sr-bulge/helix conformations.
The high o-helix-like content of PLL occurs because of charge screening due to strong ion-pair formation
between ClO4~ and the lysine side chain —NH3*. As the temperature increases from 1 to 60 °C, the o-helix
and m-bulge/helix conformations melt into extended conformations (PPII and 2.5,-helix). We calculate the W
Ramachandran angle distribution of the PLL peptide bonds from the UV Raman spectra which allows us to
calculate the PLL (un)folding energy landscapes along the W reaction coordinate. We observe a basin in the
W angle conformational space associated with a-helix and sz-bulge/helix conformations and another basin
for the extended PPII and 2.5;-helical conformations.

Introduction

The most important outstanding problem in enzymology
involves the elucidation of the mechanism whereby proteins fold
into their native states.'~® It is still impossible to accurately
predict protein conformations from their primary sequences,
unless these sequences were previously observed. Recently, the
first steps in protein folding have been examined in a series of
kinetic studies of small peptides in S-hairpins'®~!® and in
o-helices.'#~23 Theoretical simulations of (un)folding processes
have also elucidated mechanisms of peptide folding dynamics.?*~27
Most recently, sophisticated vibrational spectroscopic kinetic
measurements have been used to probe the earliest steps in the
secondary structure (un)folding process.!528730

Poly-L-lysine (PLL) is a useful model system for studying
protein conformational changes because it can adopt multiple
conformations.?! = Its secondary structure has been character-
ized by numerous spectroscopic methods such as CD,* IR,
NMR,#~47 vibrational Raman optical activity,*®* 3 VCD,3! and
most recently by UV resonance Raman spectroscopy.36-3852 At
neutral and low pH values, the lysine side chains are positively
charged, and electrostatic repulsions between the side chains
make PLL adopt extended conformations. For example, Mikho-
nin et al. recently examined the low pH conformations of PLL
by using UV resonance Raman spectroscopy (UVRS),>? and
they demonstrated that the unfolded PLL peptides exist in an
equilibrium between PPII and extended 2.5,-helix conforma-
tions. The PPII conformation is stabilized by peptide—water
hydrogen bonds, 3¢ whereas the 2.5i-helix conformation is
forced by electrostatic repulsions between neighboring lysine
side chains.>® These electrostatic repulsions can be decreased
by adding salt,?>3-7 or by raising the pH which neutralizes the
side chain charges.3!:33:36.38.52.58 The decreased repulsions alter
the PLL conformational equilibrium and allow the formation
of additional conformations.

Previous studies show that ClO4~ is especially effective in
lowering electrostatic repulsions and stabilizing the PLL helical
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content at low pH.323357 The C1O4™-induced a-helix stabilization
has been shown to be much larger than other singly charged
anions such as C17.3 This stabilization is consistent with the
mechanism Goto et al.>® proposed that C104~ forms strong ion-
pairs to the lysine—NH;" groups.®0-6!

In this work, we use UVRS to examine the temperature and
NaClO4 concentration dependence of the conformations of PLL.
We determine the PLL (un)folding energy landscape along the
W reaction coordinate by utilizing the methodology developed
by Mikhonin et al.®> This energy landscape defines the stability
and distribution of PLL between PPII, 2.5,-helix, and o-helix-
like conformations.

Experimental Section

Materials. Poly-L-lysine HCl was purchased from Sigma
(vais =25 200, DPvis == 153, MWMALLS =44 000, DPMALLS
= 267. Here DP,j and DPyarrs refer to the degree of
polymerization measured by viscosity and multi-angle laser light
scattering, respectively), and used without further purification.
Small aliquots of HCI and sodium hydroxide were used to adjust
the solution pH. NaClO4 was purchased from Sigma Chemical
Co.

UV Resonance Raman Instrument. The UV resonance
Raman (UVRR) instrumentation has previously been described
in detail.®>% A Coherent Infinity Nd:YAG laser (Coherent,
infinity) produced 355-nm, 3-ns pulses at 100 Hz. This beam
was Raman-shifted to 204 nm (fifth anti-Stokes) by using a 1-m
tube filled with hydrogen gas (60 psi). The sample was
circulated in a free surface, temperature-controlled stream. The
Raman scattered light was imaged into a subtractive double
spectrometer, and the UV light was detected by a CCD camera
(Princeton Instruments Co.). The UVRR spectra were measured
at 1.2 mg/mL peptide concentrations.

CD Measurements. Circular dichroism (CD) spectra were
measured by using a Jasco J-710 spectropolarimeter. The spectra
were measured by using a temperature-controlled 0.2-mm path
length cell at 0.64 mg/mL PLL concentrations.
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Figure 1. (A) CD spectra of PLL (0.64 mg/mL) at pH 6.1 containing
0.5 M NaClOy at 3 °C (pink), 25 °C (blue), 50 °C (green); in the absence
of NaClOy at pH 5.5 at 2 °C (red). (B) Temperature dependence of the
molar ellipticities of PLL at 222 nm containing 0.1 M (red), and 0.5
M (blue) NaClOs.

Results and Discussion

CD Spectra of PLL in the Absence and Presence of
NaClQy. The CD spectrum of PLL (Figure 1A) in the absence
of NaClO4 shows a positive band at ~218 nm and a strong
negative band centered below 200 nm, which are hallmarks of
PPII-like conformations in water.®>-% However, in the presence
of 0.1 and 0.5 M NaClO4 concentrations, the CD spectra show
significant o-helical-like content, as indicated by the negative
band at 222 nm. The increasing in the 222-nm molar ellipticity
indicates that the o-helix-like conformations melt as the
temperature increases from 1 to 50 °C (Figure 1A). The
difference in the two melting curves shown in Figure 1B clearly
demonstrates that NaClO, stabilizes a-helix-like structures. In
0.1 M NaClOQy, the a-helix-like conformations are almost fully
melted by 20 °C, whereas in presence of 0.5 M NaClOy, they
persist until 50 °C. This increased stability of o-helix-like
conformations appears to derive from the electrostatic screening
of charges on the peptide chains by specific ion-pairing of C104~
anions with the lysine—NH;" groups.’-61:67

204-nm UV Raman Spectra of Unfolded PLL. We
examined the unfolded state of PLL at pH 5.5 by measuring
the 204-nm UV resonance Raman spectra in the absence of
NaClO,. At these conditions, lysine side chains are fully ionized,
so the electrostatic repulsion prevents the formation of o-helix-
like conformations. As shown in Figure 2, at pH 5.5, the PLL
spectra show an Aml band at 1665 cm™! (predominantly a
C=0 stretching vibration), while the AmlII band is located at
1560 ¢cm™! (C—N stretching coupled with N—H b). The
resonance enhancement of the Co,—H b band at ~1395 cm™!
results from the coupling between C,—H b and N—H b
motions.*3%8 This coupling is largest for extended 3-strand/PPII
conformations, and it is negligible for a-helix-like conforma-
tions. Hence, the C,—H b band intensity is indicative of
conformations other than a-helix, 3;¢-helix, and s-helix.38:68
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Figure 2. UVRR spectra (204-nm) of PLL in the absence of NaClO4
at pH 5.5 at 2, 25, and 50 °C.
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Figure 3. Raman spectra (204-nm) of PLL in the presence and absence
of NaClOy and their difference spectrum at 1 °C. The AmlI band doublet
in the difference spectrum results from over-subtraction of the O,
Raman band.

The conformation-sensitive AmlIII region between ~1200 and
1350 cm™! mainly involves N—H bending and C—N stretching
motions. This region is complicated, and we recently reassigned
it in detail.®*~7! The PLL AmlIII, region shows a doublet at 1312
and 1293 cm™', while the AmlII; region shows peaks at ~1270
and 1243 cm™!, and a shoulder at 1212 cm™!. Our pH 5.5 PLL
spectra are similar to Mikhonin et al.’s PLL spectra at pH 2.33
Hence, we conclude that the 1270 cm™! band derives from a
2.5;-helix conformation, while the 1243 cm™~! band derives from
the PPII conformation.

Spectral Changes Associated with NaClO4-Induced Fold-
ing of PLL. The Figure 3 Raman spectra show that, at 1 °C,
addition of 0.83 M NaClO, induces the formation of o-helix-
like conformations.”® The PLL spectrum in the presence of
NaClO4 shows an Aml band at 1657 cm™! and an AmII band
at 1563 cm~!. A much weaker C,—H b band occurs at ~1395
cm™ !, while the AmIIl; and AmIII, bands are located at ~1332
and 1297 cm™!, respectively. The conformation-sensitive AmIII;
band is decreased in intensity and shows a shoulder at 1218
cm~! and peaks at 1253 and 1276 cm™! with greatly decreased
intensities. The difference spectrum (Figure 3) shows troughs
at the C4,—H b band position and in the AmlIII region which
derive from the loss of the PPII and 2.5;-helix confoma-
tions,.58:63.71

The Assignment of the AmIII Region Bands of PLL in
the Folded State. We can calculate the pure a-helical PLL
spectrum by subtracting the appropriate amount of PPII and
2.51-helical PLL from the measured spectrum containing
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Figure 4. Deconvolution of the AmIII region of the calculated helical
PLL spectrum into a sum of 5 Gaussian bands. The helix spectrum is
calculated by subtracting the appropriate amounts of the spectra with
the extended PLL conformation from the measured spectrum.

TABLE 1: Spectral AmIII Band Assignment of PLL
Peptide

band frequency (cm™")
AmlIl,; 1332
AmlIl, 1296
AmlII; (7z-bulge/helix) 1276
AmlII; (a-helix) 1253
AmlII;! (B-turn) 1218

NaClO4.%%7! The AmlII region of this calculated a-helical-like
PLL spectrum can be well-modeled by five Gaussian bands
(Figure 4). The AmIII; and AmlIII; bands are located at ~1332
and ~1300 cm™!, respectively. The AmlII; region shows three
peaks at 1276, 1253, and 1218 cm™! indicating the presence of
multiple conformations in equilibrium.

According to the method developed by Mikhonin et al.,
which calculates the W angle distribution from the AmIII; band
frequency distributions, given the known hydrogen bonding state
of the peptide bonds,'*6>68 the 1276 and 1253 cm™! Amlll;
bands derive from conformations with average Ramanchandran
W angles of —62° and —36°, respectively. The W angle values
most likely derive from sz-bulge/helix conformation (W = —70°
for an ideal 7z-helix) and an a-helix conformation (¥ = —47°).
It has been found that the W dihedral value of z-bulges, a
common deformation of a-helices, shows a distribution of
values.”> Mikhonin et al.”? found W values of 7z-bulges/helices
for the ala-based AP peptide of —58°, very close to our result.
Our W dihedral values also are consistent with numerous recent
reports of the zz-bulges/helices in model peptides.?7%74~77

The 1218 ¢cm™! band, which also appears in the spectra of
extended PLL (Figure 2), probably derives from f(-turn con-
formations.®? It could derive from either type 1, I/, II, or II’
S-turns et al.%2 These AmIII band assignments are listed in Table
1.

Thermal Melting of o-Helix and s7-Bulge/Helix Confor-
mations. We examined the temperature dependence of PLL’s
NaClOg4-induced o-helix-like conformations by measuring the
204-nm UV resonance Raman spectra between 1 and 60 °C
(Figure 5). As the temperature increases, we observe a continu-
ous increase in the Co—H b band intensity and AmllIl; band
intensities of the 1270, 1240, and 1220 cm™! bands, indicating
melting of the o-helix and szz-bulge/helix conformations. The
high-temperature PLL spectra are similar to PLL spectra in the
absence of NaClO4 (Figure 5A). The thermally unfolded
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Figure 5. (A) Temperature dependence of the UVRR spectra of PLL
containing 0.83 M NaClO4 at pH 5.2. The red spectrum is the PLL
Raman spectrum without NaClO4 at 50 °C. The temperature-induced
melting of PLL in the presence of 0.5 M NaClOy is similar to that in
0.83 M NaClOs. (B) Temperature dependence of C,—H b band Raman
intensity. The spectra were normalized using the Cl1O4~ band intensity.

conformational equilibrium of PLL in the presence of NaClO4
is similar to the conformational equilibrium for the charged side
chains at low ionic strength which are dominated by PPII and
2.5;-helix conformations.’* The Raman spectra in Figure 5A
show multiple isosbestic points which suggest that the melting
of the a-helix-like conformations is a “two-state” transition from
a mixture of o-helix and s-bulge/helix conformations to a
mixture of PPII and 2.5,-helix conformations.

Figure 5B shows the temperature dependence of the Co—H
b band Raman intensity which is a non-a-helical conformational
marker.’$% The melting curve for the 0.5 M NaClO, PLL
solution shows a T;, ~ 35 °C, while the 0.83 M NaClO, solution
T 1s increased to ~65 °C. These Raman results agree with the
CD results discussed above.

We can estimate the change in the number of a-helical-like
amide bonds from the observed increased intensity of the C,—H
b band. For PLL samples containing C1O4~, we normalized the
amide band intensities with respect to the known Raman cross
sections of C104~. Using Dudik et al.’s data’® for the absolute
Raman cross section of the 932 cm™! band of ClO4~ at 204-
nm excitation, we calculated the Raman cross sections for the
amide bands of PLL in the presence of ClO4:

Op = UamNei0,9ci0,) (AN ci0,) (1)

where 04 and ocjo, are the Raman cross sections of an amide
band and the 932 cm™! ClO4~ band, respectively. Ncio,- and Np
are the number of ClO4~ and PLL molecules in the scattering
volume, respectively. Icio, and Iam are the integrated intensity
of the C104~ (932 cm™") and the amide bands, respectively. na
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Figure 6. Temperature dependence of the fraction of o-helix-like
conformations in the presence of 0.83 and 0.5 M ClO4 at pH 5.2.

TABLE 2: Calculated Cross Section of PLL Peptide in
Extended Conformations

cross section

band (mbarn molecule™! sr™)
Cy—H bending 60
Aml 75

is the number of amide peptide bonds in PLL contributing to
the intensity of the amide band.

In cases where ClO4~ is not present, the amide band
intensities of the unfolded state were normalized to the Aml
band intensity, which we earlier showed was the least sensitive
to secondary structural changes. %6387 Using the Aml band
cross section, we can calculate the C,—H b band cross sections
in the absence of NaClO4. The calculated cross sections of PLL
amide bands in the extended conformations are listed in Table
2.

From the C,—H b band cross sections we can calculate the
number of non-o-helical amide bonds in PLL as

nx = (LewriNeio,Ici0,)(OcarNelcio,) 2)

We calculate that at 1 °C, in the presence of 0.83 M NaClOy,
PLL has an 86% a-helix-like content.

We can calculate the number of a-helix and 7z-bulge/helix
peptide bonds which melt as

Onp = (—0lceuN 10,910, )(OcaiNplcio,) 3)

where Ona is number of o-helix and s-bulge bonds lost or
gained and Olcqy is the change in the normalized integrated
Co—H bending band intensity. In 0.83 M NaClOy, the integrated
intensity of the Co—H b band at 50 °C is 32% larger than that
at 1 °C. The helix melting curves are displayed in Figure 6.

Our results agree with Jiji et al.’s>* data that at pH 11.6 at 10
°C, PLL shows a ~85% a-helical content. At pH 11.6, the lysine
side chains are neutralized, which eliminates the electrostatic
repulsions which destabilize the a-helices at lower pH. The fact
that at pH 5.2 addition of 0.83 M NaClO4 results in ~86%
o-helical-like content suggests that the charged side chains are
neutralized by NaClQ,4.59~61.7

W Population Distributions. The AmlIIl; bands are signifi-
cantly broadened compared to the Amlll; band of peptide
crystals.'* The band breadth is largely due to an inhomogeneous
distribution of W angles. We calculated the inhomogeneous
frequency distributions of the observed AmlIl; bands and the
W dihedral angle distributions of the PLL peptide bonds (Figure
7) by using the methodology developed by Mikhonin et al.!43362
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Figure 7. Temperature dependence of W angle distribution of PLL
containing 0.83 M NaClOy at 1, 25, and 50 °C.

(We assume equal Raman cross sections for two o-helix-like
conformations, PPII and 2.5;-helix conformations.)

In the helical region (red), we calculate high concentrations
of m-helical (W = —80 to —50°) and a-helical (W = —50 to
—15°) conformations. Similarly, in the extended, non-helical
region (blue) we observe significant populations of PPII (W =
110 to 160°) and 2.5;-helix (W = 150 to 200°) conformations.

As discussed above, the 1218 cm™! AmIII; band likely derives
from a S-turn conformation. -turns, which result from water-
inserted hydration of a-helices, was proposed by Sundaralingam
et al. to be intermediates in the helix—coil transition pathway.3°
Unfortunately, a lack of suitable models limits our ability to
quantitate the contributions of S-turn at 1218 cm™'.

As the temperature increases from 1 to 50 °C, the concentra-
tions of the a-helix-like conformations decrease, while the PPIL
and 2.51-helix conformations increase. However, the relative
population ratios of the PPII to 2.5;-helix, and the a-helix to
m-bulge/helix conformations show little change. This suggests
that these pairs of conformationally similar structures are
separated by small energy differences. This result further
confirms that PLL unfolds by a “two-state” mechanism where
it goes from compact o-helix and sr-bulge/helix conformations
to extended PPII and 2.5;-helices.

Conformational Free Energy Landscapes for PLL (Un)-
folding. The probability that the PLL peptide bond is found at
a particular W; angle state depends on the Gibbs free energy
(G)) of this W; dihedral angle. Assuming equal degeneracies of
the different conformations, the energy difference between a
conformation at W; angle and another conformation at Wy, angle
is

n(y,)

AG, o= =Nk Tn o5
0

“4)

where Ny is the Avogadro number, &g is the Boltzmann constant,
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mL) at 0.83 and 0.5 M NaClO, concentration at 1 (red), 25 (blue), and
50 °C (purple).

T is the temperature, and n(3;)/n(1o) is the ratio of populations
with Ramachandran angles W; and W,.

Using eq 4, we calculate the Gibbs free energies of the
populated equilibrium conformations relative to that of the
m-bulge conformation (Figure 8). We find an energy landscape
with two basins. One is associated with the a-helix and 7zz-bulge/
helix conformations, while the other is associated with the PPII
and 2.5;-helix conformations.

At 1 °C, in the presence of 0.83 M NaClO,, the o-helix
conformational energy lies above that of the s-bulge/helix by
only ~170 cal/mol, and the energy barrier between the a-helix
and the szi-bulge/helix is ~760 cal/mol higher than the sr-bulge
minimum. This barrier decreases somewhat as the temperature
increases.

Similarly, at 1 °C the 2.5;-helix conformational energy lies
~64 cal/mol above that of the PPII conformation. Previously,
Mikhonin et al. found at pH 2 a similar energy difference of
~74 cal/mol between the PPII and 2.5;-helix conformations.>?

At 1 °C, the mr-bulge is stabilized over the PPII conformation
by ~1.32 and ~1.27 kcal/mol energy in the presence of 0.83
M NaClOy and 0.5 M NaClOy, respectively. As the temperature
increases from 1 to 50 °C, the PLL PPII and 2.5i-helix
conformational energy decrease relative to that of the z-bulge.
For 0.83 M NaClO4, we observe that the PPII/2.5,-helix
conformational energy is greater than that of the a-helix-like
conformation until the temperature increases to 50 °C. In
contrast, the energy of the extended PPII conformation at 50
°C in 0.5 M NaClOy is ~0.7 kcal/mol below that of the a-helix
conformation.

Thermodynamic Parameters for PLL “Two-State” Tran-
sition. Assuming that the enthalpy difference is independent of
temperature, we can estimate the enthalpy and entropy changes
for the a-helix-like conformations melting which are AH = 12
=+ 1.6 kcal/mol, AS = 39 & 5 cal/mol*K in the presence of 0.5
M NaClOy4, and AH = 6.1 £ 0.8 kcal/mol, AS = 19 &£ 3 cal/
mol-K in the presence of 0.83 M NaClOj,.
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The change in the slope of the melting curve as the NaClO4
concentration increases from 0.5 to 0.83 M allows us to calculate
that the magnitude of both AH and AS for melting decreases
~2-fold. We observe an apparent loss of cooperativity in the
thermal unfolding transition at high NaClO,4 concentrations.

We expect that much of this change derives from the water
solvent. Surprisingly, little change is observed in water activity
between these NaClO4 concentrations.®! Thus, the change in
the thermodynamic parameters must derive from energetic
perturbations in the conformations of the two states. To have
additional insight, we need additional structural insights to
determine the origin of these changes.

Conclusions

The presence of NaClOy4 induces a conformational change
in PLL from extended PPII/2.5,-helix conformations to folded
o-helix and sr-bulge/helix conformations. As the temperature
increases, the compact helical conformations melt to extended
conformations. Increasing the NaClO4 concentrations shifts the
Tm of the unfolding transition to higher values indicating an
increased stability of the helical conformations at higher NaClO4
concentration. The Raman isosbestic points suggest that the PLL
melting is a “two-state” transition from a mixture of compact
helical conformations to extended PPII and 2.5;-helix conforma-
tions. We were able to roughly estimate the enthalpy and entropy
change of the melting transition. We also calculated the energy
landscape along the W folding coordinate. The neutralization
of the lysine —NH;* groups by efficient ion pairing with C104~
dramatically impacts the energy landscape which changes the
equilibrium peptide conformations.
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