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R-Helix is a basic building structure of proteins. Accordingly,
the kinetics of helix formation1-6 have been the subject of intensive
discussion. The helix-coil (HC) transition theory assumes two
elementary steps in the helix formation: the rate-limiting formation
of the first helical turn (nucleation) followed by the fast addition
of helical residues to the ends of the existing helix (propagation).1,7

However, molecular dynamics simulations suggested that the HC
transition involves other dynamical events such as the accumulation
of the 310-helix or turn.3 Huang et al. reported a multiexponential
helix relaxation using the temperature-jump FTIR method in the
nanosecond time domain,4 and Kinnear et al. indicated the
intermediate conformation in the helix relaxation in vacuo.5 Clarke
et al. observed the slow helix formation in the millisecond time
domain using the stopped-flow CD method.6 We report here a new
dynamical event involved in the helix formation of poly-L-glutamic
acids (PGAs) using the microsecond-resolved CD and FTIR
spectroscopies.

Our strategy to investigate the helix formation includes two novel
aspects. First, we developed kinetic observation systems for the
forward helix formation initiated by the rapid mixing of two
solutions within 50µs.8 Second, the helix formation was monitored
by both CD and FTIR spectroscopies. FTIR can quantitate the total
amount of helix,9 while CD can differentiate conformations such
as the 310-helix10 and the lengths of helical segments.11 These
techniques enabled us to characterize the detailed dynamics of PGAs
during the helix formation.

We first selected 34-residue PGA (average 4.4 kDa, distribution
2-7 kDa, Sigma). PGA adopts random coils when the side chains
are charged at pH 8.0 and monomeric helices when the side chains
are mostly neutral at pH 4.9.12 Hence, the helix formation was
initiated by pH and pD (corrected for D2O by adding 0.4 to the
pH-meter reading) jumps from 8.0 to 4.9 for the kinetic CD and
FTIR measurements, respectively.

To investigate the growth of the total helical content, we utilized
FTIR spectroscopy and monitored the amide I′ line that is sensitive
to the conformations of peptides.2b,4,9The dotted line in Figure 1a
is the difference FTIR spectrum generated by subtracting the initial
spectrum at pD 8.0 from the final spectrum at pD 4.9 and indicates
the depletion of random coils and the increase of helices at 1665
and 1628 cm-1, respectively.13 The relative area of the helical line
to the total area of the amide I′ indicates∼32% of helix formation
in the final state. The kinetic difference spectrum obtained at 100
µs after the pD jump (thick line) is coincident with that of the final
state, indicating that PGA establishes the final helical content within
100 µs.

In contrast to the fast change of amide I′, the time-resolved CD
signal of 34-residue PGA for the same pH jump continues to
develop after 100µs (Figure 1b).14 The filled diamonds in Figure
1c and d illustrate the time courses of the ellipticities at 208 and
222 nm ([θ208] and [θ222]), respectively, both of which are
characteristic ofR-helices. While [θ222] develops more than 80%
of the final amplitude within 150µs, [θ208] recovers most of the
final amplitude after 150µs with a rate constant of 4000( 600
s-1. The complete development of the two negative bands takes
about 1 ms (thick line in Figure 1b). Therefore, the helix formation
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Figure 1. The helix formation processes of 34- and 190-residue PGAs.
The PGA solution containing 100 mM phosphate at pH 8.0 (pD for FTIR
measurements) and 100 mM KCl was rapidly mixed with 10 mM HCl with
a 1:1 volume ratio to a final pH of 4.9 at 20°C for the subsequent
spectroscopic measurements. (a) Difference FTIR spectra of 34-residue PGA
(2.2 g L-1). The dotted and thick lines are generated by subtracting the
initial spectrum at pD 8.0 from the final spectrum at pD 4.9 and from the
time-resolved spectrum at 100µs, respectively. (b) The time-resolved CD
spectra of 34-residue PGA (1.1 g L-1). (c) and (d) The time-dependent
changes in the molar ellipticities observed at 208 nm (c) and 222 nm (d).
[ and 0 indicate 34- and 190-residue PGAs, respectively. The lines
represent the single-exponential fits to the respective data. The rate constants
are 4000( 600, >5000, and 3600( 400 s-1 for 34-residue PGA at 208
nm, 190-residue PGA at 208 nm, and 190-residue PGA at 222 nm,
respectively. (e) Schematic drawing of the helix formation process for 34-
residue PGA. The formation of short helices (step 1) is followed by their
elongation (step 2).15
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of 34-residue PGA comprises two distinct steps: the rapid (<100
µs) step detected in amide I′ and [θ222], and the slower (∼1 ms)
step detected in [θ208].

We exclude several possibilities as the origin of the two-step
dynamics. The dimerization of PGA is unlikely, because the CD
kinetics were almost invariant in the concentration range from 0.55
to 2.2 g L-1 (data not shown). We rule out the involvement of the
310-helix, because the CD spectrum at 150µs is distinct from that
of the 310-helix.10 The molecular weight distribution of the
34-residue PGA cannot account for the observed dynamics, because
an additional CD measurement on the PGA sample having the fixed
chain length (95% of 34-residue PGA) indicates the similar spectral
changes and the time constant (Supporting Information).

To explain the FTIR and CD results consistently, we consider
an intermediate conformation consisting of several shortR-helices.
It has been calculated that the intensity of [θ208] is weak in short
helices composed of less than 10 residues.11 The intensity ratio of
[θ208] relative to [θ222] at 150 µs ([θ208]/[θ222] ) 0.45 ( 0.17)
corresponds to a helix consisting of 5( 1 residues.11 At the same
time, the total helix contents estimated at 150µs are 26 and 32%
by [θ222]11c and amide I′,9 respectively, and correspond to 9-11
residues. We thus interpret that the initial intermediate contains
two helices composed of∼5 residues (Figure 1e). Because the final
CD spectrum indicates the formation of helices consisting of more
than 10 residues, the slower step after 100µs corresponds to the
“elongation” of the short helices to the longer helix.

The helix formation process is more complex for longer PGA.
The FTIR measurements on the same pD jump of∼190-residue
PGA (average 25 kDa, distribution 15-30 kDa) revealed the fast
formation of∼16% helix within 100µs and the slower formation
of ∼19% helix with a rate constant of 3900( 500 s-1 (Supporting
Information). The [θ208]/[θ222] ratio at 150µs estimated from the
CD measurements (0, Figure 1c and d) is 0.40( 0.16 and indicates
the formation of short helices. The next phase is the elongation of
short helices as indicated in the growth of [θ208] with a rate constant
of more than 5000 s-1. [θ222] also grows after 150µs with a rate
constant of 3600( 400 s-1, which is consistent with the slower
phase observed in the FTIR results. [θ208] does not reach the
equilibrium value within 0.7 ms. Thus, 190-residue PGA requires
another phase that takes more than 1 ms to reach the equilibrium
state having the helix content of∼36%.18

The observed helix formation dynamics of PGA are in marked
contrast to those of alanine-based polypeptides that show fast
relaxations with time constants of 10-100 ns.2,4 We suppose that
the difference might be explained by the strong propensity of
protonated glutamic acid for hydrogen bonding. After the pH jump,
PGA likely forms intramolecular hydrogen bonds between the side
chains and between the backbone amides and the side chains19

probably before the formation of the helix nucleation sites. The
intramolecular hydrogen bonds might trap PGA into kinked
conformations and block the propagation of helices until 100µs
(Figure 1e). The more complex helix formation observed for 190-
residue PGA suggests the larger numbers of the intramolecular
hydrogen bonds in the intermediate.

The current results are different from those by Clarke et al., who
observed the slow helix formation of the 4.4 kDa PGA having a
polydispersity with a time constant of∼2 ms using the stopped-
flow CD method.6 We also examined the helix formation of PGA
under the pH jump condition utilized by Clarke et al. (from 8.0 to
3.3); however, the result was almost identical to that presented in
Figure 1b. The [θ222] value develops within 150µs, which is in
contrast to the slow helix formation reported by Clark et al.

In conclusion, we demonstrated that the helix formation process
of PGA involves at least two dynamical steps, which are the
formation of short helices and their elongation. We hypothesize
that the observations are caused by the hydrogen bonding between
protonated glutamic acids. We suggest that the amino acids which
can form hydrogen bonds might indicate similar properties in the
folding processes of actual proteins.
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