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ABSTRACT Photoactivatable caged protons have been used to trigger proton transfer reactions in aqueous solutions of
acetate, glutamate, and poly-L-glutamic acid, and the volumetric and enthalpic changes have been detected and charac-
terized by means of time-resolved photoacoustics. Neutralization of carboxylates in aqueous solutions invariably results in an
expansion of the solution due to the disappearance of two charges and is accompanied by little enthalpic change. The
reactions occur with thermally activated, apparent bimolecular rates on the order of 1010 M�1s�1. In the case of aqueous
solutions of poly-L-glutamic acid at pH around the pKa of the coil-to-helix transition, diffusional binding of a proton by
carboxylates is followed by a sequential reaction with rate 1.06 (� 0.05) � 107s�1. This step is not thermally activated in the
temperature range we have investigated and is likely related to local formation of hydrogen bonds near the protonation site.
This structural event may constitute a rate-limiting step in helix propagation.

INTRODUCTION

The structure of proteins is influenced to a large extent by
the charge state of ionizable groups on the side chains of
several amino acids (Creighton, 1990). At pH below neu-
trality, the amino acids mainly involved in the ionic equi-
libria are glutamic acid (glu) and aspartic acid (asp), with
carboxylate pKa of 4.33 (at 5°C) and 4.01 (at 1°C), respec-
tively (Weast, 1968). Besides these groups, histidines play
an important role in many cases of interest, because their
pKa, normally around 6 (Weast, 1968), may be strongly
shifted in either direction due to interactions with nearby
residues, as in the case of apomyoglobin (Hughson et al.,
1991; Cocco et al., 1992).

Techniques based on rapid mixing to generate a pH jump
have been used traditionally to study the dynamics of a
protein response to acidification of the solution, but the
early protonation steps (times � 1 ms) were out of reach.
Only with the introduction of laser-based techniques have
the faster events become accessible (Gutman and Nachliel,
1990).

In this work we use a nanosecond UV laser and photo-
labile caged protons to generate a pH jump and monitor
proton binding to carboxylates of the model compounds
acetate (pKa � 4.77 at 5°C), glutamate (pKa

1 � 2.19 and
pKa

2 � 4.33 at 5°C), and poly-L-glutamic acid (PLG).
Time-resolved photoacoustics was used to monitor the

structural response of the systems (Braslavsky and Heibel,
1992). We have recently applied this experimental method-
ology to proton transfer reactions in aqueous solutions,
characterizing the solvation of photoinduced charges
(Bonetti et al., 1997; Viappiani et al., 1998; Losi and Vi-
appiani, 1998), the formation of water molecules from pro-
ton and hydroxide (Viappiani et al., 1998; Bonetti et al.,
1997) and the reaction of protons with poly-L-lysine (Vi-
appiani et al., 1998) and apomyoglobin (Abbruzzetti et al.,
2000).

Volume changes in proton transfer reactions arise from
electrostrictive effects due to the changes in the net number
of charges present in solution and to the alterations in the
specific interactions between solute and solvent molecules
(Van Eldick et al., 1989). When proton transfer reactions
induce conformational changes in proteins, additional vol-
ume changes may result from structural rearragements of
the macromolecules.

Our aim here is to investigate the structural response of
carboxylate model systems and polypeptides due to proto-
nation and their relation to early events in acid-induced
protein folding/unfolding. Despite the fact that PLG se-
quences are not found in naturally occurring polypeptides,
PLG nevertheless represents an interesting system for
model studies because it undergoes a pH-dependent ran-
dom-coil-to-helix transition, with an apparent pKa of 5.4
(vide infra). Neutralization of � carboxylates occurs ran-
domly on the polypeptide chain and reduces the intramo-
lecular electrostatic repulsive forces. At a sufficient level of
protonation, the decreased repulsion permits conformational
changes stabilized by the local formation of hydrogen bonds
in PLG. This local formation of secondary structure may
represent the ultimate rate limiting step in helix formation
for these model polypeptides.
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MATERIALS AND METHODS

Chemicals

Bromocresol purple (Kodak) or Brilliant Black BN (Aldrich) (Abbruzzetti
et al., 1999) in water were used as photocalorimetric references in the
photoacoustic experiments. The pH of the reference solution was adjusted
to 9 for bromocresol purple and to 6 for Brilliant Black BN in order to
avoid instability in optical absorption at the excitation wavelength.

PLG (MW � 17, 500, corresponding to 82 glu residues), L-glutamic
acid (glu), sodium acetate and o-nitrobenzaldehyde (oNBA) were obtained
from Sigma. oNBA was recrystallized from ethanol before use.

The pH of the solutions was adjusted by the addition of concentrated
NaOH or HCl. The samples were nitrogen-saturated to decrease potential
buffering effects due to the presence of dissolved CO2.

Steady-state absorption was measured with a Jasco 7850 UV-vis spec-
trophotometer. Far-UV circular dichroism was measured with a Jasco J700.
All instruments were equipped with temperature-controlled sample holders.

Depending on the experiment, the concentrations of glutamate and
acetate were 1 to 300 �M, whereas the concentration of PLG was 0.1 to 50
�M (residue concentrations, 8.2 to 4100 �M). The concentrations at which
thermodynamic parameters were determined are reported in the footnotes
of the tables in the results section (vide infra).

Photoacoustic setup

The experimental setup has been described previously (Murgida et al.,
1998; Pelagatti et al., 1998; Abbruzzetti et al., 2000). Photoexcitation was
achieved by the third harmonic (� � 355 nm) of a nanosecond, Q-switched
Nd:YAG laser (Surelite II-10, Continuum, Santa Clara, CA) operating at 1
Hz. The unfocused beam was attenuated and shaped by a slit (280 �m
width) positioned near the cuvette. The pressure wave induced in solution
was detected by a PZT piezoelectric transducer (Panametrics V-103). The
signal was then amplified (60 db) and recorded by a digitizing oscilloscope
(LeCroy 9450A) operated at 2.5 ns/channel. A quartz cuvette was mounted
inside a temperature controlled sample holder (TASC 300; Quantum
Northwest, Inc., Spokane, WA) and degassed with nitrogen. Data acqui-
sition and analysis were performed by means of dedicated software (Sound
Acquisition and Sound Analysis, Quantum Northwest, Inc.). The number
of laser shots averaged to generate each sample waveform was 9, whereas
100 laser shots were averaged to generate each reference waveform.

Analysis of photoacoustics data

The principles of deconvolution of photoacoustics waveforms have been
described (Small et al., 1992; Small, 1992; Rudzki et al., 1985). The
sample waveform is assumed to be convolution of the reference waveform
and a sum of exponential decay functions:

H�t� � �
i

�i

�i
e�t/�i (1)

where �i is the preexponential factor of the transient with lifetime �i. The
values of �i and �i are the results of the deconvolution analysis.

We have determined the structural volume changes as a function of the
concentration of the acceptor molecule using a two-temperature method
(Gensch and Braslavsky, 1997). The sample waveform was acquired at
T��0 � 3.9°C (Weast, 1971) and compared to a reference waveform
acquired at a slightly higher temperature, T�	0 � 6.0°C (since a reference
waveform cannot be measured at T��0). The sample waveforms measured
at 3.9°C originate solely from structural changes in the solution and include
no enthalpic contribution.

The extent of the observed structural volume change for each decay
component, 
Vi, is calculated from �i as:


Vi � �iE�� �

Cp	
�

�	0

(2)

where E� is the molar energy content of the laser pulse, ��/Cp	��	0 is the
thermoelastic parameter of the solution at T�	0, � is the thermal expansion
coefficient, Cp is the specific heat, and 	 is the density. For dilute aqueous
solutions and for pH values above 4 the parameter �Cp	/�� has essentially
the same value it has for water at pH � 7 and can be determined from
literature values (Weast, 1971).

Experiments conducted at multiple temperatures between 5 and 50°C
have been used to determine for each step the heat release, the volume
change, and, from the temperature dependence of the rate constants, the
activation energy (Callis et al., 1972; Peters and Snyder, 1988; Braslavsky
and Heibel, 1992). For this multiple-temperature method, deconvolution is
performed for each reference/sample pair and the energy content of the
transients, E��i, at each temperature is calculated and plotted versus the
temperature-dependent parameter �Cp	/��. From the linear relation

�iE� � Qi 
 
Vi�Cp	

� � (3)

one can obtain Qi (the heat released per mole photons absorbed) and 
Vi

(the structural volume change per mole photons absorbed) for each of the
steps.

If the quantum yield for release of protons, �H�, is known, from Eqs.
2 and 3 it is possible to determine the molar reaction volume 
VR,i �

Vi/�H�.

The temperature dependence of the rate constants has been analyzed
using the relationship

k2 � k2
0e�Ea/RT (4)

where k2 � 1/�2 (vide infra). From the linear plot of ln(k2) vs. 1/T
(Arrhenius plot), it is possible to extract the activation energy Ea and the
frequency factor k2

0.

RESULTS

In our experiments, the proton concentration is rapidly
increased using a nanosecond UV laser pulse to photolyze
oNBA (the caged proton). The photolysis is irreversible and
the pKa of the acid intermediate formed upon photoexcita-
tion of oNBA is 2.1 (Pelagatti et al., 1998). This renders the
rate and the quantum yield for photoinduced proton release,
�H�, independent of the pre-pulse pH, at pH values above
4. If the pH of the solution is not lowered below 4, the
nitrosobenzoic acid (the final product of oNBA photolysis)
is completely dissociated and proton release by oNBA is
irreversible. In all of our experiments, the concentration of
photoreleased protons in the excitation volume (
20 �l) is
approximately 1 �M for each flash, independent of the
pre-pulse pH. The magnitude of the pH jump depends on the
pre-pulse pH, but proton transfer reactions are induced in
the whole pH range we have investigated (Abbruzzetti et al.,
2000). The protons, which are released within 10 ns, then
react with proton acceptors through diffusion mediated pro-
cesses and, due to the large excess of acceptors (not only in
the excitation volume but also in the surrounding solution),
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the pH returns to the pre-pulse value before the next laser
flash (1 s). The large excess of proton acceptor residues also
assures that, at most, 1 proton is bound to the small per-
centage of PLG molecules that participate in protonation
reactions after each flash.

We have conducted experiments to determine the volu-
metric response of the proton acceptors (acetate, glu, and
PLG) as a function of the pre-pulse pH, the concentration of
acceptors, and the temperature. The ground state protona-
tion reactions induced by the laser pH-jump are dia-
grammed in Scheme 1, where the parameters relevant to our
study are also reported.

Scheme 1.

Concentration-dependent experiments:
two-temperature method

oNBA in water

The release of protons by oNBA, both in the presence and
in the absence of other solutes, was accompanied by a fast
contraction of the solution (lifetime �10 ns) for all of the
experiments we performed, in accordance with the previ-
ously published data (Pelagatti et al., 1998; Bonetti et al.,
1997; Viappiani et al., 1998). We have estimated the molar
reaction volume for the fast contraction as an average of
results for low acceptor concentration (�20 �M for PLG,
�200 �M for acetate and glutamate). The values obtained
are reported as 
VR,1 (reaction volume change per mole of
added proton for the first decay component) in Table 1.
Although the 
VR,1 values are unlikely to involve the ac-
ceptors, the amplitude of this contraction appears to depend

significantly on the nature of the acceptor. This observation
may arise partly from the influence of the protonatable
solutes on specific interactions between oNBA or the prod-
ucts and the solvent. A similar finding has been recently
reported (Borsarelli and Braslavsky, 1998) for the photoin-
duced formation of the metal-to-ligand charge-transfer state
in ruthenium(II) bipyridine cyano complexes in the pres-
ence of different salts. The authors were able to explain the
salt dependence of the photoinduced volume changes with
the effect of these chaotropic and organizing agents on the
extended three-dimensional network of hydrogen bonds in
water.

oNBA with aqueous glutamate or acetate

When protons are released in the presence of either glu or
acetate at neutral pH, a volumetric expansion, with lifetime
dependent on the concentration of the acceptor, follows the
fast contraction. Fig. 1 illustrates the waveform shapes
obtained for the reference compound at T � 6.0°C and for
aqueous solutions containing oNBA and three concentra-
tions of acetate at pH � 7 and 3.9°C. Similar waveforms
were obtained for the protonation of glu and for PLG at pH
7.4. The deconvolution analysis in each case indicated a
biexponential decay with the expected fast (�1 � 10 ns)
contraction followed by a slower expansion characterized
by a lifetime, �2, which changed inversely with the concen-
tration of acceptor. Because the concentration of photore-
leased protons (below 1 �M) was much lower than the
concentration of acceptors, pseudo-first-order kinetics can
be expected for the protonation reaction. From the slope of
a plot of rate constant, k2 � 1/�2, as a function of the
acceptor concentration (illustrated in Fig. 3 for PLG at pH
7.4, filled symbols; vide infra), we obtained bimolecular
rate constants, kb, as reported in Table 1. The reaction
volumes, 
VR,2, reported in Fig. 2 were determined from
the preexponential factors, �2, using Eq. 2 and dividing each

V2 by the deprotonation quantum yield for oNBA, �H� �
0.4 (George and Scaiano, 1980).

TABLE 1 Structural volume changes and proton binding rate constants determined using the two-temperature method

Proton acceptor 
VR, 1 (ml/mol) 
VR, 2
0 (ml/mol) kb (1010M�1s�1) kp (s�1)

Acetate �9.2 � 0.4* 8.9 � 0.3 5.8 � 0.2
Glu �8.5 � 0.2 6.4 � 0.5 5.9 � 0.4
PLG (pH 7.4) �9.5 � 0.5 13 � 2 165 � 7†

PLG (pH 5) �7.3 � 0.2‡ 7.2 � 0.9§ 61 � 4†‡ 1.06 � (0.05)�107§


VR, 1 is the structural volume change for deprotonation of o-nitrobenzaldehyde (release and solvation of the caged proton). 
VR, 2
0 is the structural volume

change for protonation of the acceptor. Values of kb are the calculated bimolecular rate constants for binding of protons to the target; kp is the rate-limiting
constant observed at high PLG concentrations.
*Uncertainty values were estimated as the standard deviations for three separate determinations of the parameter.
†This result is based on polymer concentration.
‡Data from experiments at [PLG] � 2 �M, where cross-correlation between fitting parameters is negligible.
§Data from experiments at [PLG] � 20 �M, where the residual unimolecular reaction is better characterized (see text).
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Because the concentration of RCOO� (�10 �M) is large
relative to the increase in proton concentration (
1 �M),
then the relaxation of reaction (5)

RCOO� 
 H�^
ka

kd

RCOOH (5)

to the new equilibrium is expected to lead to an exponential
decay characterized by an apparent rate constant k �
ka[RCOO�] � kd (Laidler, 1987). Not all of the added protons
bind to acceptor (i.e., the proton concentration after reequili-
bration is higher than that before the proton pulse). For low
acceptor concentrations the increase in proton concentration

represents a significant fraction of the added protons and the
measured 
VR,2 (volume change per mole of added protons)
will be low. At high acceptor concentrations the fraction of
unreacted protons is small and 
VR,2 reaches a plateau
value, 
VR,2

0 . Again assuming that acceptor is greatly in
excess of the added protons, the dependence of 
VR,2 on
acceptor concentration is described (Laidler, 1987) by the
following equation:


VR, 2 � 
VR, 2
0

ka�RCOO��

ka�RCOO�� 
 kd
(6)

Fig. 2 shows representative experimental results with curve
fits based on Eq. 6. The recovered parameters, 
VR,2

0 , are
reported in Table 1.

Note that, before the next laser pulse, the proton concentra-
tion in the excitation volume returns to the pre-pulse value due
to diffusion between the very small excitation volume (�0.03
ml) and the much larger surrounding volume (
3 ml).

The smallest resolvable decay times (largest rate con-
stants, highest concentration of acceptor) obtained were on
the order of the time resolution of the experimental setup
(about 20 ns). Increasing the concentration further led to a
single, prompt volume change, which represents a sum of
the fast contraction due to proton photodetachment and the
subsequent binding by the carboxylates.

oNBA with aqueous PLG

The results obtained for PLG at pre-pulse pH � 7.4 were
very similar to the results outlined so far for glu and acetate.
The rate constant for the volumetric expansion, k2 � 1/�2,
increases linearly with PLG concentration, as shown in
Fig. 3.

At lower pH, PLG is known to undergo a transition to an
�-helical conformation (with an apparent pKa � 5.4 based
on far UV circular dichroism measurements, data not
shown). At pre-pulse pH around and below 5.4, results were
substantially different. As the concentration of PLG is in-
creased, the rate constant for binding of protons initially
increases, but soon levels off to a plateau value of about 107

s�1; this plateau value is included as kp in Table 1 and the
results for pre-pulse pH � 5 are plotted in Fig. 3. The
behavior was similar in experiments done at lower pre-pulse
pH values (data not shown). We estimated the contraction
for deprotonation of oNBA, 
VR,1, using results at low PLG
concentration. The extent of the volume change associated
with the rate-limiting step, 
VR,2

0 , was estimated as an
average of the volume changes measured at high PLG
concentrations. The results are included in Table 1.

Temperature-dependent experiments:
multiple-temperature method

The multiple-temperature method allows a determination of
molar volume and enthalpy changes (from the temperature

FIGURE 2 Dependence of 
VR, 2 on the concentration of proton accep-
tor for acetate (open circles) and glutamate (filled circles) at pH � 7.
Fitting of the data with Eq. 6 led to the reaction volumes 
VR,2

0 , reported
in Table 1.

FIGURE 1 Photoacoustic signals of an aqueous solution containing
oNBA and acetate at pH � 7 as a function of acetate concentration as
indicated at T��0 � 3.9°C. The decrease in waveform amplitude with
increasing acetate concentration derives from summing the signals due to
freeing the caged protons with that (of opposite amplitude) due to binding
the protons to acetate. The reference compound was bromocresol purple
(solid line), measured at T�	0 � 6.0°C.
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dependence of the preexponential factors) and of activation
energies (from the temperature dependence of the rate con-
stants) for the neutralization reactions. At all investigated
temperatures the photoacoustic signals were well described
by a biexponential decay with the fast, subresolution tran-
sient due to the evolution and solvation of photodissociated
ions and a slower decay, with a temperature-dependent rate
constant reflecting proton transfer reactions with the accep-
tors present in solution.

The preexponential factors vary with temperature be-
cause the magnitude of the volume changes which result
from heat deposition in the solvent are a function of tem-
perature. Fig. 4 shows an example of the data, plotted based
on Eq. 3, for results obtained at pH � 7.2 and low PLG
concentration, where the binding processes are well re-
solved from proton release. The volume and enthalpy
changes obtained from the slopes and intercepts are in-
cluded in Table 2.

Fig. 5 shows examples of the Arrhenius plots for the rate
of proton binding (k2 � 1/�2) to PLG at pH 4 using low and
high polymer concentrations. The activation energies and
frequency factors obtained from Arrhenius analyses of mul-
tiple-temperature data are included in Table 2.

DISCUSSION

Volume changes due to protonation reactions

It is well established that when acid is added to an aqueous
solution of a protein around and below neutrality, the prin-
cipal reaction is protonation of carboxylates. The expansion
accompanying neutralization to carboxylic acids is affected
by the nature of the group, R, attached to the carboxyl

group. For instance, the volume change for neutralization of
formic acid in water at 25°C is 6 ml/mol; however, it
increases to 11.5 ml/mol for acetic acid, 12 ml/mol for
ethanoic acid, 13.2 ml/mol for i-PrCOOH, and 17.1 ml/mol
for t-BuCOOH (Van Eldick et al., 1989). Therefore, studies
on simple molecules demonstrate a volume increase be-
tween 6 and 17 ml/mol, depending on the nature of R (Van
Eldick et al., 1989; Rasper and Kauzmann, 1962b). If pos-
itively charged groups exist close to the carboxylate then the
volume increase is only 6 or 7 ml/mol (Van Eldick et al.,
1989). Reaction (5) in proteins leads generally to volume
changes of about 11 ml/mol, but in some cases smaller
values can be observed, possibly related to the nearness of
histidine, lysine or arginine residues (Rasper and Kauz-
mann, 1962a).

The volume change for neutralization of glu residues in
PLG at neutral pH (Tables 1 and 2) is very similar to the
values reported by Kauzman for the corresponding reaction
in proteins (Rasper and Kauzmann, 1962a).

Despite the expected equivalence of the multiple-temper-
ature and two-temperature methodologies in the determina-
tion of reaction volumes (Losi and Viappiani, 1998), the
values we determined with the multiple-temperature method
are systematically lower than the values obtained with the
two-temperature method. For PLG the differences fall
within the estimated uncertainties. However, in the case of
the reaction volumes for neutralization of glu and acetate,
the discrepancy appears to be significant, even after correc-
tion for the low concentrations of these acceptors used in
multiple-temperature experiments (55 �M and 45 �M, re-
spectively; and see Fig. 2). We have no good explanation
for this observation. Although some evidence has been

FIGURE 3 Dependence of the rate constants k2 � 1/�2 for the protona-
tion of PLG at pH � 7.4 (filled circles) and pH � 5 (open circles) as a
function of PLG concentration using the two-temperature method. The
slope of the line shown through the data at pH � 7.4 is reported as kb in
Table 1. The rate constant measured at pH � 5 reaches a limiting value of
1.06 (� 0.05) � 107s�1 above 20 �M.

FIGURE 4 Plots of the energy content for the photodissociation of
o-nitrobenzaldehyde (�1E�) and for binding of the photo-released protons
to poly-L-glutamic acid (0.8 �M; �2E�) in water at pH � 7.2, as a function
of the parameter Cp	/�. Cp	/� was changed by varying the temperature
between 5 and 50°C. From the linear interpolations based on Eq. 3, we
obtained the volume change (from the slope) and the enthalpy change
(from the intercept). The results are reported in Table 2.
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presented for a small temperature dependence of reaction
volume (Millero, 1972; VanEldick et al., 1989), the excel-
lent linearity of the plots used to derive the data in Table 2
(illustrated in Fig. 4) argues against such an explanation.

Kinetic results

The rate constants, kb, for the neutralization reactions with
glu and acetate are identical. For these compounds the rate
kb represents the diffusion controlled rate of the forward
direction in reaction (5). The value of kb for PLG listed in
Table 1 is based on polymer molecule concentration units;
when corrected for the average number of residues in the
polypeptide (n � 82), the apparent kb per residue was 3.4
(� 0.1) � 1010M�1s�1. This simple estimate assumes that
all of the residues are ionized and therefore will be most

meaningful for the pH 7.4 result where the value obtained is
smaller by almost a factor of two than the rate measured for
the protonation of the simple carboxylates glu and acetate.
This difference probably derives in part from the linkage of
acceptors into large groups; thus, the protons must diffuse
considerably farther on average before they encounter an
acceptor (as compared to simple acceptors like acetate dis-
tributed uniformly throughout the solution). Values of kb for
proteins are also typically low. Examples are the rates for
protonation of the carboxylates of BSA and RNase, 2.5 �
1010 M�1s�1, and for the C terminal and � carboxylates of
glu 35 in lysozyme, 1.2 � 1010 M�1s�1 (Gutman and
Nachliel, 1990). Such low values probably result in part
from shielding of the carboxyl groups by the globular pro-
tein structure.

At neutral pH, the activation energies for proton binding
to acetate and glu are very similar to one another but 3 to 4
times larger than the corresponding activation energy for
PLG. This is to be expected considering the high negative
charge density on PLG under these conditions.

Local helix formation in PLG

A substantially different process occurs when the reaction
of photo-induced protons with PLG is investigated at pre-
pulse pH around and below the pKa of the helix-coil tran-
sition. For slight perturbations within the transition region
of highly cooperative helix-coil conversions, the resulting
relaxation process is determined by the growth reaction of
already existing helix structures (Gruenewald et al., 1979).
Binding of protons under these conditions can easily perturb
the coil structure by removing electrostatically unfavorable
interactions between charged residues and inducing the lo-
cal formation of secondary structure around the binding site.

If proton binding to acceptors were solely responsible for
the volume changes, the rate constant for protonation should
increase linearly with PLG concentration until, above 30
�M, the volume changes due to proton binding would be
unresolvable from the prompt events (as observed for glu

FIGURE 5 Arrhenius plots for the rate, kb, associated with the binding of
protons to PLG at pH 4 at [PLG] � 2 �M (open circles) and with the
limiting rate, kp, measured at pH 4 with [PLG] � 40 �M (filled circles).
The activation energies calculated from the slopes are reported in Table 2.
The results at high PLG concentration (filled circles) indicate that the
activation barrier for the limiting rate is negligible in the temperature range
investigated.

TABLE 2 Structural volume and enthalpy changes for the deprotonation of o-nitrobenzaldehyde, (�VR, 1, Q1), and the
neutralization of acetate, glu, and PLG (at different pH values and concentrations)

Proton acceptor

VR, 1

(ml/mol)
Q1

(kcal/mol)

VR,2

(mP/mol)
Q2

(kcal/mol)
Ea

(kcal/mol)
Frequency factor

ln(k2
0)

Acetate �7.4 � 0.2* 95 � 1 5.8 � 0.1 2.0 � 0.5 3.7 � 0.5 21.6 � 0.8
Glu �6.7 � 0.1 95 � 1 4.5 � 0.1 0.7 � 0.4 4.9 � 0.2 24 � 1
PLG (pH 7.2)† �7.0 � 0.2 99 � 1 11.6 � 0.2 �3 � 1 1.2 � 0.4 23 � 3
PLG (pH 4)† �7.3 � 0.2‡ 96 � 1‡ 6.8 � 0.1§ �1.4 � 0.8§ 1.6 � 0.3‡ 26 � 2‡

0§ 15.9 � 0.1§


VR, 2 and Q2 were determined with the multiple-temperature method. The activation energy (Ea) and the frequency factor for each of the rates are also
reported. The acetate and glu concentrations used were 45 and 55 �M, respectively.
*Uncertainty values were estimated as the standard deviations for three separate determinations of the parameter.
†These results are based on polymer concentrations.
‡Data from experiments at [PLG] � 2 �M, where cross-correlation between fitting parameters is negligible.
§Data from experiments at [PLG] � 40 �M, where the residual unimolecular reaction is better characterized (see text).
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and acetate). However, when the PLG concentration is
higher than 30 �M, the rate constant of the expansion
reaches a plateau. Since the binding process under these
conditions will be very fast (and therefore incorporated into
the prompt response), this observation suggests that there is
a unimolecular, rate-limiting step following proton binding.

The sign of the volume change is compatible with for-
mation of local secondary structure as, for instance, a hy-
drogen bond between residues of the polypeptide. In fact,
expansions are expected when secondary structure is
formed and water is extruded from the interior of the more
organized structure (Chalikian, 1996; Gross and Jaenicke,
1994; Chalikian et al., 1995; Kharakoz, 1989). The forma-
tion of hydrogen bonds is enhanced by reduction of the
repulsive electrostatic interaction between charged carboxy-
lates. The extent of the expansion associated with this local
structure formation is 7.2 � 0.9 ml/mol from two-temper-
ature experiments and 6.8 � 0.1 ml/mol from multiple-
temperature experiments. It is unlikely that the structural
volume change is simply reporting the formation of hydro-
gen bonds, for which a contraction of about �1 ml/mol has
been reported (Gross and Jaenicke, 1994).

From the multiple-temperature experiments at pH 4 and
high PLG concentration, we examined the temperature re-
sponse of the rate constant for this rate limiting step. In the
temperature range investigated, very low activation energy
was indicated. In the Arrhenius plots reported in Fig. 5, it is
striking to note the contrast between the temperature-depen-
dent rate constants for the binding process ([PLG] � 2 �M)
and the temperature-independent rate constant for the rate
limiting step ([PLG � 40 �M). Evidently, the formation of
local ordered secondary structure within already partially
ordered sequences does not involve a significant energy
barrier. In contrast, the activation energy for the helix-coil
transition in poly-N5-(3-hydroxypropyl)-L-glutamine (a
neutral polypeptide) was measured as 16.7 kcal/mol (Gru-
enewald et al., 1979). Secondary structure formation requir-
ing a nucleation processes has also been found to be ther-
mally activated (Thompson et al., 1997).

We have recently reported for the acid-induced local
disruption of the helical structure of poly-L-lysine a con-
traction of �16.8 ml/mol with a decay time of 250 � 50 ns
(limiting rate constant 4.0 (� 0.8) �106s�1; Viappiani et
al., 1998). The extent and sign of the volume change as well
as the limiting rate constant observed for poly-L-lysine are
fully compatible with the opposite structural change evi-
denced for PLG. The limiting rate constant for PLG is a
factor of two larger than that measured for poly-L-lysine.

The lifetime at the midpoint of the helix-to-coil transition
in PLG has been determined previously by means of ultra-
sonic absorption (1 �s), temperature jump (3 �s), and
electric field jump (1.4 �s; Gruenewald et al., 1979). How-
ever, the local scale of the phenomena we have access to
with our experiment is different from the global structural
change monitored by these techniques, and a direct com-

parison is not easily justified. It is likely that the lifetime we
have measured is representative of a faster process involv-
ing a local structural rearrangement in the region of the
newly neutralized residue, constituting a limiting step in the
helix growth reaction.

Recent data obtained for the rate constant of helix for-
mation in model polypeptides by laser T-jump techniques
can be compared to the data we obtained by laser pH-jump.
Using the fluorescence emission of the N-terminal probe,
4-(methylamino)benzoic acid, Thompson et al. (1997) char-
acterized the kinetics of the helix-coil transition of a 21-
residue alanine peptide and identified a double exponential
relaxation. The faster relaxation has been interpreted as due
to the unzipping (and zipping) of the helix ends in response
to the temperature jump, whereas the slower phase was
associated with the equilibration of helix-containing and
non-helix-containing structures by passage over the nucle-
ation free energy barrier. The slower decay of the average
helix content is in agreement with the data reported by
Williams et al. (1996), who monitored the helix melting by
infrared transient absorption in the amide I region and found
for this process an apparent lifetime of about 160 ns.

Few experiments on helix formation in proteins have
been reported in the literature. The thermally induced for-
mation of helix A of apomyoglobin has been studied by
Ballew et al. by monitoring the fluorescence emission of
trp-14 (Ballew et al., 1996a,b). The authors found for the
protective phase in the folding pathway an apparent lifetime
of about 250 ns. Again, the rate constants appear in line with
our determinations.

Finally, we wish to stress the similarity of the observed
phenomena to our recent findings for apomyoglobin (Ab-
bruzzetti et al., 2000). In that case, we induced a partial acid
denaturation of native apomyoglobin at pH � 7. The early
rearrangements after the ultrafast pH jump evidenced a
rate-limiting step with a lifetime of about 1 �s and were
postulated to involve the protonation of two hydrogen-
bonded hystidines. The longer lifetime observed for that
process is probably related to the movement of portions of
the macromolecule larger than those of the poly-L-lysine
and PLG samples studied.
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