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ABSTRACT. The kinetics of the heliz=coil transition of an alanine-based peptide following a laser-induced
temperature jump were monitored by the fluorescence of an N-terminal probe, 4-(methylamino)benzoic
acid (MABA). This probe forms a peptide hydrogen bond to the helix backbone, which changes its
fluorescence quantum yield. The MABA fluorescence intensity decreases in a single exponential relaxation,
with relaxation times that are weakly temperature dependent, exhibiting a maximum vak20ais

near the midpoint of the melting transition. We have developed a new model, the kinetic version of the
equilibrium ‘zipper’ model for helix=coil transitions to explain these results. In this ‘kinetic zipper’
model, an enormous reduction in the number of possible species results from the assumption that each
molecule contains either no helical residues or a single contiguous region of helix (the single-sequence
approximation). The decay of the fraction of N-terminal residues that are helical, calculated from numerical
solutions of the kinetic equations which describe the model, can be approximately described by two
exponential relaxations having comparable amplitudes. The shorter relaxation time results from rapid
unzipping (and zipping) of the helix ends in response to the temperature jump, while the longer relaxation
time results from equilibration of helix-containing and non-helix-containing structures by passage over
the nucleation free energy barrier. The decay of the average helix content is dominated by the slower
process. The model therefore explains the experimental observation that relaxation for the N-terminal
fluorescent probe is-8-fold faster than that for the infrared probe of Williaetsal. [(1996) Biochemistry

35, 691-697], which measures the average helix content, but does not account for the absence of observable
amplitude for the slow relaxation in the fluorescence experiment®¢o slow phase). If we assume that

the activation barrier for theoil—helix rate is purely entropic, the model can also explain the maximum

in the temperature dependence of the relaxation time for the fluorescent probe. Parameters that best
reproduce the melting curves and the ratio of relaxation times predict a value of the cooperativity parameter
o which is ~3-fold larger than previously reported values obtained from fitting equilibrium data only.
The helix growth rate of~10® s~1 that reproduces the experimental relaxation timesi§0-fold slower

than those observed in molecular dynamics simulations. These parameters can be used to simulate the
kinetically cooperative formation of a helix from the all-coil state.

Although the helix=coil transition has been extensively ~0.4 kcal/mol. From these numbers, it is easy to see that
studied for short, helix-forming peptides at equilibrium, there at least 10 residues are required to make a stable helix; at
is remarkably little kinetic information on these molecules. the midpoint of the transition, the average length of a helix
In the classical picture af-helix formation, two elementary  in an infinite poly-e-amino acid is equal to~*2 (3, 8), that
processes occur. The helix first nucleates by forming a singleis 15-30 residues.
turn, resulting in the formation of a hydrogen bond between  There are a number of reasons why one would like to
the carbonyl of one residue of the nascent helix and the amideynderstand the kinetics of hefixcoil transitions in detail.
N—H of another, displaced four residues toward the C- First, the propagation step is arguably the simplest kinetic
terminus @, 3. The helix can then propagate in either process that can occur in the folding of a protein. Knowing
direction by the addition of single residues to either end. hat determines the rate of this process could provide a key
The equilibrium constants for nucleus formation and propa- to understanding those that are more complex, since the basic
gation are conventionally callets, ands, respectively (se€  ingredient, which is the loss of conformational entropy
ref 4 for a comprehensive discussion of the competing required to approach the transition state from the coil state,
thermodynamic descriptions of hetixcoil transitions). For  js common to any elementary step that occurs during protein
short alanine-based peptides of length—PB residues,  fo|ding. There has been, to our knowledge, no experiment
reported values fov range from 0.001 to 0.004, and the that measures this rate directly, much less its dependence
value ofs decreases from 2 at low temperature£{5 K) on temperature or solution conditions. The available esti-
to about 1 at high temperature-860 K) 6—7). The free  mates have been derived from relaxation data and require
energy barrier for nucleation is thereforet kcal/mol, and prior knowledge ofo to extract the propagation raté)(
the most favorable free energy for helix propagation is only second, helix nucleation, which can be viewed as an
elementary example of loop formation, may provide some
* Author to whom correspondence should be addressed. insight into the rates that other elementary structures such
® Abstract published irAdvance ACS Abstractsuly 1, 1997. asf turns and other tight loops form. Third, because helix
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formation and melting are among the most rapid cooperative . N,
events in folding, these processes can currently be explored N
by all atom molecular dynamics (MD) simulatiori0-13). He]

A direct comparison of experimental data and simulations S

will provide a critical test of the validity of the complete of T © S , o ¢ o] o
classical description of the process embodied in the MD cf bee N\C/'c'\N,c\c,u\c/ﬂ\N,c\c/N\CJE N/(I:\C/NH’
simulations. Rt /0 SR I T R P P
Beginning in the mid-1960s, hekxcoil kinetics of long s :
polypeptides and model compounds were investigated using _ _ _
dispersion techniques, probed either by dielectric 14g§ ( MABA [A]5 [AAARA]3 ANHZ
or ultrasonic absorptiom9( 15-19) as well as by conven-  Ficure 1. Structure of the MABA-labeled peptide. In the helical
tional temperature-jum20) and electric-field jumpZ1, 29 conformation, the carbonyl oxygen of MABA is hydrogen bonded
experiments. The results of a number of these experimentst® the amide nitrogen of the fourth alanine in the peptide.
have been summarized by Gruenewaldal (23). The
maximum relaxation times (observed near the midpoint o
the transition) range from 50 ns for popybenzyli-aspartate
(19) to a few microseconds for poly-glutamic acid in water
(20, 21). These experiments have significant limitations if
the objective is to understand the kinetics of helix formation
in protein folding. First, the experiments were carried out
on homopolymers of high molecular weight. This was done,
in part, to decrease the rate of rotational diffusion to the point
where it did not complicate the observation of hetizoil
kinetics. Since globular proteins contain only short helices
and are not homopolymers, it is not clear that these results
can be applied to protein folding. Second, the experiments <. e ) .
are indirect and difficult to interpret quantitatively. The LiNDOscrystal. Using mfrar?d detection to measure amide
experimental relaxation times are highly system- and solvent- | 'ésonances (16381660 cm™) they observed a relaxation
dependent. Nonetheless, these studies remained the onl)tr'me of 160 ns for the decrease in the average helical content

available experimental description of hetxoil kinetics until of a 21-residue alanine-based peptide (see Figure 1) after
an 18 K temperature jump. This technique has also been

very recently, when new techniques and materials became ! k
available to probe this reaction. used to study the unfolding of apomyoglobiB0). The
temperature-induceflding of apomyoglobin, which can be

The theoretical foundation for interpreting the experiments b
on helix=coil kinetics developed contemporaneously with partially cold denatured at temperatures near 275 K, has been
studied by Ballewet al. (31) by heating with 10-ns pulses

the early experimental results. The initial rate at which the 7 )
average helix content of a sequence changes in response tgt 1-94#m (40) and monitoring tryptophan fluorescence
a physical perturbation was first treated by Schw8)zThis intensities and I|fe'F|mes. 'Ph|II|pet al. 32 .have used still
basic treatment was expanded by Poland and Sche2dya another approach in s'tudles of the unfolding of RNase A by
to include a larger set of possible transitions. Neither picosecond transient infrared spectroscopy. In this experi-

analysis considered the detailed kinetic form of the transition, Menta~7-ps Nd:YAG laser pulse (at 532 nm) was absorbed

N
H

f lasers, providing radiation at 694 and 1060 nm, respectively,
and succeeded in producing temperature jumpsdK (36,

37). Temperature jumps produced by direct absorption of
near-infrared pulses by water were first described by Turner
et al (38, 39. The exciting laser pulse at 1.4dm was
generated by Raman-shifting the Nd:YAG fundamental in
liquid N,. Williams et al. (40) expanded this method by
using methane gas to Raman shift Nd:YAG laser pulses
(1064 nm) to 1.54um. This approach has recently been
applied to peptides and proteins by several groups. Williams
et al (1) used a Nd:YAG-pumped dye laser and generated
a~7-ns infrared pulse at 2,0m by difference mixing in a

which was first discussed by McQuarm al. (25) (in the by dye molecules (cresyl violet) that subsequently relaxed
limit where the steps are irreversible) and @8) (in the to release the phqto_n energy as heat, producing a temperature
limit where the rate equations can be linearized). jump of 3-6 K within 70 ps.

Renewed interest in the kinetics of hetixoil transitions Within the past 5 years it has also become feasible to

has been sparked by three recent developmehtsdetailed explore the dynamics of hekxcoil transitions using all-
experimental characterization of short peptides that can beatom molecular dynamics simulations. Simulations of helix
thermally melted in aqueous solution, @7), the availability melting have provided detailed information on the kinetics
of modern laser temperature-jump instrumentatibn28— of the redistribution of hydrogen bonds, of coil nucleation
32), and the ability to explore these kinetic processes using (hhh—hch), as well as some information on the rate of
all atom MD simulations{0—13, 33. Modern techniques  unzipping of helices ¥2). These results provide a clear
for peptide synthesis, together with residue-specific probesexample of the enormous wealth of information provided
for helical conformations, have produced a detailed picture by such simulations. Free energy perturbation studies have
of the factors that stabilize the helical conformations of short also provided information on the free energy barriers
peptides§, 7, 27, 34, 3h In addition to the well-established  encountered in the formation of amide hydrogen bodd} (
intrinsic propensities of specific amino acids for helix These results prompted an exploration of helooil kinetics
formation, these include the presence of specific interactionsusing a simple sequential nucleation and growth mogi&l (
that can stabilize helix ends (cappindd4) and specific This model did not include statistical factors, (e.qg., the large
hydrophobic and electrostatic interactions between residuesdegeneracy in the number of ways short helical sequences
in the helical sequencet, 35. can form). These factors are critical to the description of
The use of temperature jumps produced by absorption of both the equilibrium distribution of helix lengths and the
short laser pulses to study rapid reactions has been undekinetics of the helix=coil transition, in particular the rate
development for more than 25 years. Early attempts utilized of helix nucleation. For example, ifs is 0.01, but the
dyes to absorb Q-switched pulses from ruby and Nd:glasspeptide can form the first loop of helix at any of 20
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sites, the relative probability of a singtestate is 0.2 rather )
than 0.01, and the rate of helix nucleation is only 5 (rather =
than 100) times slower than the rate of propagation. 270
In this paper, we describe a nanosecond laser temperature- 10 -8 6 -4 -2 0 2
jump apparatus that can monitor changes in either the optical log (Time (s))

absorption or fluorescence of the sample. We have used N _

this instrument to study a peptide labeled at the N-terminus m?eUnRsEityS:of i?/zltté%?\aingbg?r?/egegjﬁgger;g?np?grgtfrglijuor:l?sc?rrc])crﬁ
with the fluore.scent Pmbe 4-(mgthylgm|no)ben20|c f‘lc'd 273 to 293 K. (a) Spatial profile of temperature pulse. The fitted

(MABA). In this peptide, shown in Figure 1, MABA is  half.width is 0.49 mm. (b) Temporal profile of the temperature

covalently coupled to the N-terminus of the peptide, forming pulse. The rise in fluorescence intensity has been fitted with the
an additional amide residue; 2D NOESY NMR experiments convolution of the square of a gaussian pulse, having a half width
have shown that the carbonyl oxygen of MABA is hydrogen of 12 ns. It can alternatively be fitted with an exponential having

. . . a 5 ns time constant (the approximate time resolution of the
bonded to the amide nitrogen of the fourth residue when the i, ment). The decay of the temperature pulse is fitted with the

peptide is in itso-helical conformation43). To interpret  function: T(t) = 273.65+ 1.13/(0.0612+ t), giving the half-time
this experiment, we have developed the ‘kinetic zipper’ for the decay as 61 ms, and a decay time for the temperature to
model for helix=coil kinetics which incorporates the single- decrease by 1/10 of the total temperature increase-@sms.

: - . b - Relaxation kinetics over a 6-decade time window, extending from
sequence approximation used in the equilibrium zipper model 5 s to~5 ms. can thus be measured with this instrumengt
(2, 9. , .

MATERIALS AND METHODS 50% of the 1.54:m light was rgflected back onto the samp!e
in a double-pass configuration. The absorbed radiation
Temperature jumps of HP0 K were generated by directly heats a small volume of water by vibrational
absorption of a near-infrared laser pulse at 154 by the excitation. From the measured cross section of the heated
aqgueous peptide solution. To measure the kinetics, avolume, shown in Figure 3a, the width at half heighti8.5
continuous ultraviolet probe beam was used to excite themm, so the heated volume is0.1 uL. The temperature
fluorescence of the labeled peptide, and the emitted light profile is constant over about the central 108 of the heated
was monitored by a photomultiplier. A schematic of the spot.
instrument is shown in Figure 2. To produce the tempera- The ultraviolet beam used to excite MABA fluorescence
ture-jump pulse, the fundamental (1064 nm) of a Nd:YAG was generated with an intracavity frequency-doubled argon
laser (Surelite I, Continuum, Santa Clara, CA), operating at ion laser (FRED, Coherent, Palo Alto, CA) operating at 264
1.67 Hz, was focused with a 0.75-m lensairet 1 mRaman nm. The beam was focused onto the region of constant
cell (Princeton Optics, Princeton NJ). The Raman cell temperature by a lens having a 10-cm focal length, producing
contained 600 psi of CHand 500 psi of He and had a a spot size of 6670 um. For fluorescence experiments, a
conversion efficiency of~20% for the first Stokes line (1.54  front-face illumination geometry was used. The emitted light
um). This wavelength falls in a near-IR absorption band was collected at 30to the excitation beam by a 3.9-cm focal
(an OH stretching overtone) of water, with an extinction length lens, filtered from residual reflected excitation and
coefficient ofe = 5.2 cml. The 1.54am light pulse (4 infrared light, and detected with a photomultiplier tube (1P28,
ns full width at half-maximum (fwhm)) was separated from Hamamatsu, Bridgewater, NJ). The signal was amplified
the fundamental and anti-Stokes lines with a PellBtoca by cascading two channelsx5gain per channel) of a fast
prism and focused onto the sample by a 0.75-m lens to give preamp module (Model SR240; Stanford Research Systems,
a spot size ofv1 mm. Using a 50Q4m pathlength cuvette,  Sunnyvale, CA) and digitized and averaged using a digital
~40% of the infrared beam is absorbed. To ensure uniform oscilloscope (TDS 620; Tektronix, Medford, OR). The
heating at the front and back of the cuvette, the remaining waveforms from the oscilloscope were transferred to a
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personal computer for analysis. 0
The size of the laser temperature jump was characterized i °
by monitoring changes in tryptophan fluorescence, the I e’ a
intensity of which decreasesl1% for each 1 K increase in
temperature. Temperature jumps of 20 K can be generated
using 1.54um pulse energies of~10 mJ. Since the
vibrational relaxation time of water is about 20s (44, 495, - :
the time required to reach the higher temperature is deter- i ]
mined by the laser pulse width. Figure 3b shows that a -10
temperature jump from 273 to 293 K occurs~b ns and 01 = ]
that the heated volume does not begin to cool by thermal .- b
diffusion for several milliseconds. This provides a dynamic 3 | -
range of more than 6 decades of timelQ8-x1023s) in .
which to explore the kinetics. [ *¢ ¢ 00 o
The peptide (Figure 1) was donated by Peter Kim. As -
determined from HPLC, its purity was greater than 90%. 0
Steady-state fluorescence emission spectra of this peptide
were collected from 310 to 480 nm using an SLM 8000 : .
spectrofluorimeter. The excitation wavelength in both equi- 0.8k .
librium and kinetic experiments was 264 nm. Ax11 cm - Circular Dichroism
pathlength cuvette was used with concentrations®j:M.
The emission quantum yields were determined relative to
N-acetyl+ -tryptophanamide (Sigma, Saint Louis, MO) at pH
= 6.9 (®; = 0.13) @6). Circular dichroism spectra were
measured on a JASCO 710 spectropolarimeter (JASCO, -
Easton, MD) using a 0.5-mm pathlength cylindrical cell and - LR N
concentrations 0f0.26 mM. Peptide concentrations were 0 s
determined from the absorbance of the MABA moiety at 260 280 300 320 340 360
298 nm using an extinction coefficient of 14 380700 M1 Temperature (K)
cm™, determined gravimetrically for MABA (Aldrich,  Fgure 4: Equilibrium data for the MABA peptide as a function
Milwaukee, WI). The kinetic experiments were carried out of temperature. (a)®) Circular dichroism at 222 nm. (b))
in a 0.05x 1.0 cm fluorescence cuvette (NSG Precision Fluorescence quantum yield of the MABA peptide ajl {ree
Cells, Farmingdale, NY) at concentrations-e®.5 mM. The MABA in solution. (c) (—) Fit of the average fraction of helical

- . . - residues to the CD data using the single-sequence approximation.
melting reaction was monitored by detecting the fluorescenceThe fraction helix is plotted as a function of temperature. The

intensity change of the MABA-labeled peptide for the parameters obtained from the fit axe= 1.482 ands = 0.00117.
wavelength range 328400 nm. AHs was assumed to have a value 1.3 kcal/mol residue, as
Kinetic simulations and analysis were carried out using determined by Scholtzt al. (5). A comparably good fit was

: ; obtained using\Hs = —1.5 kcal/mol residue, yielding, = 1.525
Matlab (The Mathworks, Natick, MA). For convenience and ando = 0.025. ,; The MABA peptide CD data in (a) scaled as

to permit comparison with the simple, sequential mod&),(  required by the fit. ¢ —) The N-terminal helix probability
the matrix was laid out in blocks, with each block corre- calculated from the modelm) The MABA peptide fluorescence
sponding to a different position for the first helical residue. data in (b) scaled to best fit the calculated values.

The matrix then has the form

Ae222
n
)
.

4n
on

[y

0.6

0.4F.

Fraction Helical

| =
o2t ~. fluorescence

-~

the subblocks as well as the set of connecting elements as
vectors. The diagonal elements can then be produced by
summing the off-diagonal elements for each column. The

matrix was diagonalized by a standard eigenvalue analysis.

[all coil]
[hy=1](n x n)
[h,=2](n—1xn—-1)
........ (1) RESULTS AND DISCUSSION

[hy=n-1](2x2) Characterization of the HeliCoil Transition. The
[hy=n] (1 x 1) equilibrium properties of the peptide were characterized by
circular dichroism and fluorescence measurements. At low
where each subblock describes helix propagation from a fixedtemperatures, the CD spectrum has the characteristic double
initial site, h;. The two subblocks in the upper left corner minima at 222 and 208 nm indicative of ashelix. An
describe the linear, sequential model described by Brooksisodichroic point is observed at 202 nm, suggesting that there
(42). The matrix is sparse because connections only existis no significant population of conformations that are neither

between adjacent blocks. For example, thef i] block a-helical nor random coil. The circular dichrioism ¢ )
can add a helical residue at position- 1 and produce a  at the 222-nm minimumie,y,, is shown in Figure 4a. As
species in the; =i — 1] block or remove a helical residue observed for other small helical peptides @7, 48, the

at positioni to produce a species in thie;[= i + 1] block. transition is very broad, extending over more than 70 K.

In addition, each block is connected to the all-coil state by Because all amino acids in the peptide contribute to the CD
the nucleation ratetk; and byk-. These simple rules make signal, the helical fraction as determined Ay,,, measures

it straightforward to generate the rate matrix in the general the average helical content [perhaps with some bias toward
case, by generating the appropriate off-diagonal elements ofthe central residues of a helical sequent®50)]. If the
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helix content is estimated from the CD alont8( 49, the
maximum helix content is about 80%. We also fitted the
CD using the single-sequence approximation (see below)
permitting the overall fraction of helix to be scaled in the
fit. The best fit located the midpoint of the folding curve at
303 K and also suggests that at 273 K the peptidei5%
o-helical (Figure 4c).

In marked contrast to free MABA in solution, the total
fluorescence intensity for MABA bound to the peptide is
strongly dependent on temperature, decreasing 55% as the
temperature increases from 275 to 340 K (Figure 4b). Itis
reasonable to assume that the MABA fluorescence is
sensitive only to the conformation of the N-terminal amino
acid residues since this is the location of the fluorescent probe
and there are no other chromophores in the peptide that can
quench the fluorescence via a Forster mechanism. It has
been shown that carbonyl groups are efficient quenchers of
both tryptophan and tyrosine fluorescenéd ,(59. The
large increase in the quantum vyield of tyrosine that ac-
companies the folding of the-helical proteins paramyosin
and tropomyosin has been attributed to a decrease in the
quenching efficiency of the backbone carbonyl when it is
hydrogen bonded in the-helix (53). It is likely that the
formation of the helical hydrogen bond has a similar effect -50 0 50 100 150
on the fluorescence of MABA. We therefore conclude that Time (ns)

thegluforeicencef|nten§|ty f?r;heNMABA pep':(ldr(]e aCtSt%S a Ficure 5: Kinetics for the change in fluorescence of the MABA
probe O,rt e coniormation of the -termmug of the peptide. peptide. Data are shown for temperature jumps (a) from 265 to
Comparison of the fluorescence quantum yields and the CD 275 K, (b) from 273 to 293 K, and (c) from 303 to 319 K. Intensity
data (Figure 4c) shows pronounced differences in the is plotted in arbitrary units.«) Fits to the data with a single

apparent melting curves. Since CD measures the averagéXxponential relaxaticlrll. The relaxati70rllrates obtained fro7m7tlhe fits
helix content and the MABA fluorescence is sensitive to the Were (@) 1.14< 10° s (0) 5.0x 107s™%; and () 8.1x 107 s ™.
N-terminal helix content, one would anticipate that these two
probes would respond differently to parameters that affect
helix stability. This expectation is borne out in the modeling
discussed below.

Fluorescence Intensity

8 times smaller than those we have observed under similar
conditions.

Kinetic Modeling. There are two principal experimental
results that need to be explained. The first is the fact that

Laser temperature jumps were used to rapidly perturb the significantly different rates are obtained if one measures the
helix==coil equilibrium at temperatures ranging from 270 to  time dependence of forming the N-terminal hydrogen bond,
325 K. Figure 5 shows examples of the kinetics measured probed by MABA, than for the average helical population,
for jumps to final temperatures of 275, 293, and 319 K. All probed by the infrared absorption of the amide | bands. The
of the relaxation data could be fitted with a single exponential second is that the rate observed in the fluorescence experi-
decay. The relaxation time at 293 K, near the midpoint of ments is nearly temperature independent and, in fact, exhibits
the melting transition, is somewhat longer than that observeda weak minimum near the midpoint of the melting cutve.
at both the higher and lower temperatures. It is important To address these questions, we needed to find a model
to note that the pre-jump amplitudes do not differ signifi- for the kinetics of the helsecoil transition that incorporated
cantly from the initial amplitudes obtained from the expo- the major kinetic features of the process and also provided
nential fits to the data. This result shows that there are no a sufficiently accurate description of the thermodynamics so
substantially faster processes that alter the fluorescencethat it could be used to simultaneously model kinetic and
quantum yield of the MABA probe. The dependence of the equilibrium data. We chose a model which we call the
measured relaxation rates on temperature is shown in Figurekinetic zipper’ model because it is the kinetic version of
6. The relaxation rates show a minimum near 305 K and the equilibrium zipper model, first described by Schellman
increase by more than a factor of 2 at both 280 and 330 K. (2). In this model, residues can adopt only two conforma-
If we compare these results with those of Williagtsal. (1)

on the same (but not MABA-labeled) peptide (Figure 6),  2in classical kinetic theory for long helice8)( which assumes only

we find that their reported relaxation rate is approximately small perturbations, similar behavior is predicted. The initial response
of the system is characterized by the relaxation tirhevhere

1Two additional observations support the conclusion that the l*z {(s— 1)2+40}

hydrogen bonding of the MABA carbonyl to the amide nitrogen is T

responsible for the increase in fluorescence. First, adding 22% If o andk: have a small temperature dependence, this analysis predicts
trifluoroethanol, which is expected to increase the helical content of a maximum value of* (= (4k.0)™*) near the midpoint of the transition,

the peptide, produces nearly a 3-fold increase in the fluorescence.i.e., s ~ 1. This model, however, applies only to the average helical
Second, the fluorescence of free MABA increases upon addition of residue (end effects are assumed to be negligible). The classical theory
urea, which presumably results from hydrogen bonding of the MABA cannot therefore be applied to our experiments that monitor helix
carbonyl to the amino nitrogens. contentonly near the N-terminus.
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Ficure 6: Temperature dependence of the relaxation rates. The

relaxation rates are shown fo®) the change in fluorescence of
the MABA peptide and M) the change in the near-infrared
absorption of the peptidel). The curves are the fast-(—) and
slow (—-—) calculated relaxation rates for the decay of the
N-terminal helix content and) the calculated relaxation rate for

the average helix content. The calculation of the relaxation rates is
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evaluated %, 8):

q=1+[o/(s— 1"+ n/s—(n+1)] (3)
The fractional helicity 8, given by
170 .
0=- (n—j+1)os 4
a

was used to calculate the fit to the CD data in Figure 4c.
All helix==coil theories 2, 3, 24, 54, 5bpredict that the
probability of forming a helical segment in the middle of a
peptide sequence is higher than at the termini. This
prediction has been confirmed by a variety of experiments
(7, 56-59). In the single-sequence approximation, this
results simply from the fact that the number of positions for
the helical sequence which include a given terminal residue,
is smaller than the number of positions which include
residues closer to the center of the peptide. If we use the fit
of the CD data to the single-sequence approximation to
predict the helicity of a terminal residue, we find that the
maximum probability that the N-terminal residue is helical
is significantly smaller than the average helix content,
reaching a value of only about 0.4 at 260 K (Figure 4c).
Moreover, the dependence of the predicted helix content on
temperature is quite similar to that observed for the MABA
peptide quantum yield. From this result, we conclude that
the MABA fluorescence quantum vyield can be considered

described in the text. The parameters used in the calculation of theas a measure of the probability that the carbonyl oxygen

kinetics weresg = 1.482,0 = 0.00117,AHs = —1.3 kcal/mol
residue, andAH; = 0 kcal/mol residue. The scaled value lofy
was 1.28x 10¥ s™1,

tions—helix (h) or coil (c). A helical residue is considered
as one which forms a<€0---H—N hydrogen bond between
amino acidi and amino acid + 4. The key simplifying
assumption in this model is the so-called “single sequence
approximation, in which molecules contain either no helical
segments or a single contiguous region of helix. This

approximation has been shown to produce equilibrium results
that are quite close to those of more complete theories for

short peptides4). Kinetically, the simplification introduced

by the single sequence approximation is enormous. For a

peptide containingn + 4 amino acid residues (which can
form a maximum ofn hydrogen bonds), the number of
species is reduced fron? ® n(n + 1)/2+ 1. We consider

a sequence that can form 20 such hydrogen bonds. (Ou
peptide can actually form a maximum of 19=0---H—N
hydrogen bonds, including the hydrogen bond from the
MABA carbonyl at the N-terminus and the hydrogen bond
to the amide nitrogen at the C-terminus.) A specific state is
specified by the initial and final residue of the helical
sequence. A representative configuration is

@

The h—c and c—h reactions can take place at either end
with rate constantk_ andky, respectively. The ratik/k-
is equal tos, the equilibrium constant for thecc—hhc
reaction. The partition function can be straightforwardly

forms a backbone hydrogen bond to residue 4 of the peptide.
If we calculate equilibrium distributions of the number of
helical residuesr) using this approximation, we find that
two distinct processes accompany an increase in temperature
(Figure 7). The population of molecules that contain a
helical sequence redistributes locally along the coordinate

»Which defines the number of helical residues, to produce a

distribution with a smaller mean number of helical residues.
In addition, the total number of molecules that contain a
helical sequence decreases with increasing temperature.
When the temperature is jumped in the helix melting

3We have assumed a linear temperature dependence of the preex-
ponential factor in the expression fer The temperature dependence
of the preexponential factor is a rarely determined quantity in kinetics,
and there is only scant information for polypeptides and proteins. For
the conformational relaxation rate of a native, mostly helical protein
I,(myoglobin), Ansariet al. (60) found that at water viscositieg (& 1
cP) the rate is independent gf while at highyn (> 20 cP), the rate
varies asy~%, as in Kramers theory for a one-dimensional barrier
crossing. Their data were well fit with a preexponential factor
proportional to ¢ + 7)1, assuming that- was unchanged over the
narrow temperature range of the experiments. Aresaai. interpreted
o (=4 cP) as the contribution to the total friction from the internal
friction of the protein. In the highy limit then, the temperature
dependence of the preexponential factor is simply given by the
temperature dependence of the viscosity. Klimov and Thiruméki (
have recently performed Langevin simulations of helix formation for
a simplified (chain of beads) representation of a polypeptide chain and
found that the viscosity dependence of the rate also exhibits one-
dimensional Kramers behavior, predicting® dependence at water
viscosities. These calculations predict that, as the temperature increases
over the range of the present experiments (2380 K), the preexpo-
nential factor will increase by a factor ef4 because of the decrease
in water viscosity (1.80.4 cP). However, no internal friction was
considered in these simulations, and it is not obvious that it can be
ignored. In the absence of any experimental information on the
contribution of temperature dependence of the internal friction, we have
assumed a simple linear temperature dependence, which only produces
an increase in the preexponential factor by a factor@f2 (= 337/
275 K).
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FiIGUure 7: Temperature dependence of species populations in the
single-sequence approximation. The equilibrium populations at three
temperatures are shown as a functiomgfthe number of helical
residues.

experiments, these two events are expected to occur o
different time scales. The first process, which involves only
a few localh—c and c—h steps, should occur on the time
scale of these elementary steps. The second process, whic
requires that the molecule pass over the free energy barrie
atn, = 1, generated by the nucleation step, must be slowed
relative to these steps by the height of this barrier. Because
the probability of losing the N-terminal H-bond in the first
process is relatively high, the MABA fluorescence should
change significantly in the more rapid process. Since
infrared spectroscopy measures an average helix content
similar to what is expected from CD, it should be more
sensitive to the slower global melting step.

To describe the kinetics at this level of approximation,
we need only write the differential equations for nucleation
and for the motion of the two ends of the helical sequence
If we denote by{i,j} the normalized concentration of species
in whichi is the initial residue of the helical sequence and
j is the final residue:

d{ all coil} < ofall ol k i{--}
—— = —nk.o{all coll} + k_ i,
dt
—d{(;ii} = k,o{all coil} +k_ ({i — 1} +{i,i+1})

—(2k, + k) {i,i}

L (T ER TRV ET WD)

{13 — 20 + ki)

()

The last two equations describe all cases wherel; j =

n. Wheni = 1 orj = n, the rates which coupl§i,j} with

{i —1,} or{i,j + 1}, respectively, must be set to zero. The
average fraction helix is then calculated as

n

I

Thompson et al.

1 n n
®=—ZZ(J’—i+1){iJ} (6)
n 1=1j=
and the N-terminal helix content is calculated as
n
Oy= ) {1j} (7)
2

We assume that the—h (k;) andh—c (k-) rates can each

be described by the expressikn= keo(T/To) eXp(—AHF (T,

— T)/IRTT,) whereky, is the rate at the reference temperature
(To = 273 K), T is the temperature, anH,* is the enthalpy

of activation. This relation assumes that both the activation
enthalpies and activation entropies are temperature indepen-
dent?

To model the temperature dependence of the measured
rates, we must next choose activation enthalpiekfaand
k-. We have made the simplifying assumption that the
hydrogen bond is fully broken in the transition state and that
the activation enthalpy fdr—c is identical to the equilibrium
enthalpy change. The activation free energy fethcis
therefore purely entropic (but is not necessarily equal to the
equilibrium entropy change). With these assumptions we
have used the kinetic zipper model to simulate the temporal
response to a temperature jump and used the results to
calculate the kinetics of the population changes for each of
the 211 kinetic species. In modeling the data, a sequence
of calculations was carried out at a predetermined set of
hncreasing temperatures. At each temperature, the equilib-
rium distribution at the preceding temperature was used as
the initial condition in calculating the system response. The
simulated kinetics for a jump from 285 to 305 K and from
305 to 325 K are shown in Figure 8. The eigenvalues and
amplitudes for the jump from 285 to 305 K are shown in
Figure 8, panels a and b. The simulated kinetics for the
decay in the helix content of the average residue and a
terminal residue are shown in Figure 8, panels ¢ and d,
respectively. For the average residue, most of the amplitude
is associated with the smallest nonzero eigenvalue (Figure
8a) so the simulated kinetics are quite well fitted by a single-
exponential relaxation (Figure 8c). For the N-terminus, a
cluster of larger eigenvalues produces an additional, more
rapid phase (Figure 8b). In this case, the simulated kinetics
are well-fitted by the sum of two exponential relaxations
(Figure 8d). Importantly, the same result is found at all
temperatures, so we shall use this simplified representation
of the simulated kinetics in comparing the results from the
model with the experimental data.

The fitted rates and amplitudes obtained from a series of
simulations throughout the melting curve, using three dif-
ferent sets of values af and AHs, are shown in Figure 9.

In each case, the values @fands, were obtained by fitting
the equilibrium CD data with an assumed value\éfs. The
fitted value ofo is highly dependent oAHs, increasing from
about 0.001 to more than 0.04 Asis decreased from-0.9

to —1.7 kcal/mol residue. The best fits were obtained using
values forAHs of —1.3 and—1.5 kcal/mol residue. Scholtz
et al. (5) derived a value of-1.3 kcal/mol residue from
scanning calorimetric experiments (with an uncertainty due
to difficulties in determining the baseline of abotiD.45
kcal/mol residue). Schellma®?) derived a value of-1.5
kcal/mol residue from the heat of dilution of urea. For each
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Ficure 9: Rates and amplitudes obtained from fits to simulations
of peptide melting. The results obtained from fits such as those
shown in Figure 8 are plotted for three sets of parameters that fit
the equilibrium data in Figure 4. (a) Values for (®) andk_ (m)
FicUrRe 8: Results of kinetic simulations of the helix content using used in the simulations. The values of the three sets of equilibrium
the kinetic zipper model. The kinetics for 20 K temperature jumps parameters werdHs = —0.9 kcal/mol residueg = 0.0017, and
were simulated, using the parameters that best fit the equilibrium s, = 1.475;AH, = —1.1 kcal/mol residueg = 0.0052, ands, =

data of Figure 4. The eigenvalues and amplitudes calculated for a1.46; AH; = —1.5 kcal/mol residueg = 0.025, ands, = 1.525.
jump from 265 to 285 K are shown for (a) average helix content The values ok, andAH, were 3x 1 s~X and 0 kcal/mol residue,
and (b) N-terminal helix content. The calculated time dependence respectively. (b) Relaxation rates:—( a) fitted relaxation rates

of the fraction helix for the average residue and the N-terminal for the average helix content:—(—, W) fitted relaxation times for
residue are shown at final temperatures of 285 and 305 K. (c) the fast component on the N-terminal helix content,«, #) fitted

0
100 10 10°® 107 10°¢

Time (Seconds)

Average helix content®) calculated at 285 K andll) calculated relaxation times for the slow component on the N-terminal helix
at 305 K. () Fits to the calculated helix content with a single  content. For both relaxations, increasing the value aicreases
exponential relaxation. (d) N-terminal helix conte®) (calculated both relaxation rates, with the slower relaxation rate increasing

at 285 K and M) calculated at 305 K.«f) Fits to the calculated  more. (c) Relaxation amplitudes. The symbols and parameter values
helix content with two exponential relaxations. Parameters are thoseare identical to those in panel b. The larger amplitudes for the slow
used in Figure 6, but with o = 3 x 1 s™. component on the N-terminal helix content at low temperatures

. . ——, ¢ found for | | af.
set of parameter values, the fitted values for the relaxat|on( ) are found for larger values

rates obtained for both the average and N-terminal helix total. At the moment the origin of this inconsistency is not
contents exhibit a minimum near the midpoint of the melting at all clear. One possibility is that the hydrogen bonding
transition (Figure 9b). Both of the fitted relaxation rates properties of the MABA carbonyl differ significantly from
increase ass increases, but the increase in the slower those of the amide carbonyl so our model misrepresents the
relaxation rate is more pronounced. As a result, the ratio of properties of the probe. It is also possible that the present
the minimum rates (near the midpoint of the transition) model ignores all sequence dependent features of the peptide
decreases from-20 to ~10 aso increases from 0.0017 to and couples the kinetics of the helix terminus too tightly
0.06. with the average properties of the peptide. Decoupling, either
The amplitudes predicted by the model are plotted in by introducing sequence dependence in helix propensities
Figure 9c. The prediction that a probe of the average helix or by reducing the cooperativity, may result in lower
content should exhibit a single exponential is consistent with N-terminal amplitudes for the overall melting process.
the IR absorption data. The model also correctly predicts Using the sets of calculated rates described above, we can
that an N-terminal probe should exhibit a significant adjust the value ok, at the reference temperature (273 K)
amplitude for a more rapid process, as observed for theando to produce relaxation times that optimally match the
MABA fluorescence. However, the prediction that the experimental data. The results of such a limited search are
response of a terminal probe should be biphasic, exhibiting compared with the data in Figure 6. Not only is the model
comparable amplitudes for both the slow and fast relaxations,able to explain the minimum in the relaxation rate, but it
is not consistent with our data, which show that the amplitude provides strong support for the argument that the large
of a slower relaxation cannot be more thai0% of the difference in measured relaxation rates results from the fact
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that different properties are being monitored by MABA 1

fluorescence and amide | infrared absorption. I
The fundamentat—h rate k) required to fit our data is I o

only 1-2 x 10 s™! (Figure 6). Estimates from relaxation [

studies on polys-glutamic acid and poly-glutamic acid in

water, where the observed maximum relaxation times are

~1 us, produce similar rates if is assumed to have a value

of about 104 (cf. ref 23). The elementary rate for nonionic

polymers such as poly-benzyl+ -glutamate in nonaqueous

solvents, obtained from earlier relaxation experiments, is

significantly faster, about 20s™ (14, 19, 63. Gruenewald

et al. (23) have suggested that tlee~h rate may be slowed

in aqueous solvents because hydrogen bonds between water

and backbone amide-N\H and G=0 groups must be broken

in order for the residue to access the helical conformation.

If the H-bonding activity of the solvent for grougs equal

to a, then the effective rate will be given by

0.5f i

Average

-
.....
-l

Fraction Helix
O\ T

0.2} Pl

N-terminal

asnnsf
e
Y p

107 10°®
Time (seconds)

wherek,? is the intrinsicc—h rate, andK; is the effective Ficure 10: Helix formation from tlhe all-coil state. The kinetics
binding constant of groupfor the solvent. If correct, this of development of the average helix content (a) and the N-terminal

: : : elix content (b) predicted by the kinetic zipper model in response
result has important consequences, since it argues that th(rr\lo a jump from the all-coil state are shown for final temperatures

approach to the transition state from the coil state is also of 265 and 325K. The fraction helix calculated ®)(265 K and
limited by breaking of water hydrogen bonds. Our results (M) 325 K shown, together with (---) exponential fits to data. The
would require that the enthalpy change for this process be relaxation times for the exponential curves in (a) are 216 ns at 265
close to zero. CUves i (5) e 242 15 at 265 K and 86 1S &t 325 K. The parameter
. . curves in (b) are ns a an ns a :

Molecular ‘?'V”am'c simulations have als.o suggested thatvalues usgag in the simulations are given in the legend topFigure 6.
the c—h rate is close to 2 orders of magnitude faster than
what we have observed?, 13. In the study of Daggett  previous studiesS, 27). It is also consistent with the
and Levitt (12) where water was included explicitly, care molecular dynamic simulations, which show relatively low
was taken to ensure that the diffusion constant for water wascooperativity for the short helices studieti2( 13. The

K, 0=k, ]+ Kqa) 8)

approximately correct. This argues that watesater hy- results of our simulations further suggest that kinetic
drogen bonds are parameterized accurately by the potentiameasurements using two different probes may provide a
function. It may, nonetheless, be that watpeptide hy- means by which to obtain more accurate values for the

drogen bonds are less accurately parameterized. In the worknucleation parameter. One must err on the side of caution
of Sung and Wu13), water was not included explicitly, so  in using the data in Figure 6 to obtain this value. We must
it is not surprising that they overestimate the fundamental acknowledge the fact that the two experiments have not been
c—hrate. A second and more interesting possibility for the carried out on the same peptide. Although the existing data
much larger values obtained from the simulations is that the suggest that the addition of MABA has little effect on the
kinetics for theh—c andc—h transitions are not exponential, equilibrium properties of the peptide, we do not yet know
and the rates for these processes exhibit some time depento what extent this modification alters its kinetics. Another
dence. For example, one could imagine that formation of a potential problem is that the single-sequence approximation
nascent state is followed by rapid reversion to thestate becomes increasingly worse as the value dficreases, so
before any other kinetic processes occur, perhaps as a result is not possible to use our kinetic model to evaluaiéits
of some ‘memory’ introduced by the positions of other value is significantly greater than0.003. These problems
residues. Given the limitations on the length of the are not too difficult to overcome. First, it should be
trajectories, the analysis of the dynamics simulations would straightforward to carry out IR measurements on the labeled
necessarily focus on the most rapid reactions, whereas thepeptide; second, the kinetic model can be expanded, for
kinetic modeling would reflect the time-averaged rate. example, by including a second sequence to determine
Evaluation of these probabilities requires a more complex whether the conclusions reached from the limited exploration
analysis of significantly longer trajectories than has been of helix==coil kinetics described here are generally valid.
carried out to this point. What is the origin of the complex temperature dependence
The value ofo required to match the relaxation times in  seen in both the MABA fluorescence data and in the kinetics
Figure 6 is approximately 0.01, somewhat larger than predicted by the kinetic zipper model? The simulations show
‘standard’ values that cluster between 0.005 and 0.001.that the slow relaxation results from equilibration of the time-
Without this increase, the predicted relaxation time for the averaged distribution of species that contain helical sequences
average helix content becomes too slow by a factor of aboutwith the all-coil state. Moreover, no fast relaxation is
2. This result is consistent with our fits to the equilibrium predicted for either the average helical residue or the
data, which also produce relatively large values f AH, N-terminal residue when all-coil initial conditions are used
is chosen to have its most probable value, suggesting thatfor the simulation (see Figure 10). Since the distribution of
the cooperativity of short helices has been overestimated inhelix-containing species equilibrates faster than the time
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required to cross the nucleation barrier, it should be possiblea single-exponential relaxation than those in Figure 8,
to treat the kinetics for this relaxation using a two-state model particularly at 265 K where the helix is very stable. The
similar to that used for protein folding4). At 305 K this appearance of helix shows detectable temporal cooperativity,
barrier is higher than both the all-coil state and the populated presumably because the time required for the development
helical states (Figure 7b). At low temperature, the height of the average properties of the helix-containing species is
of this barrier relative to the all coil state decreases and the comparable to the reciprocal of the nucleation rate. At the
probability of proceeding from the barrier toward helix- higher temperature, where the average length of the helical
containing states also increases. These effects dominate theegment is shorter, the kinetics are more nearly exponential.
very small temperature dependencekef so the overall Similar behavior is observed for the N-terminal helix content.
coil—helix rate increases with decreasing temperature. At The cooperative time courses arise from the interplay of the
high temperatures, the barrier between the helix-containing same two processes (nucleation and redistribution of helix
states disappears, accelerating the khetigil rate. Because lengths) discussed above but, when starting from the all-

the faster of the overall helixcoil (k. and coit=helix (K.») coil state, the slower nucleation step must occur first.
rates dominates the observed relaxation ra&ig, € k), it Redistribution of the helix-containing species is also some-
exhibits aminimumnear the midpoint of the folding curve  what slower because it now begins with only a single helical
andincreasesat both low and high temperatures. residue in the peptide. Because the rates for the two

The origin of the weak minimum observed for the faster processes are more similar, the slow relaxation becomes non-
relaxation rate is less obvious. A minimum in the fitted rates exponential.
is observed for all sets of parameter values used in calculating
the relaxation times in Figure 9b, despite the fact that both CONCLUDING REMARKS
ki andk- are increasing with increasing temperature (Figure
9a). The principal effect of parameter values on the rate of di
the fast relaxation is to shift the minimum to slightly lower
temperatures aAHs becomes more negative, a result which
can be explained by the fact that becomes more temper-
ature dependent. The fact that b&thandk- are 2-3 times
larger than the minimum rate of the fast relaxation, observed
at ~300 K, but become comparable to the maximum rates
observed at low temperatures provides a clue to the sourc
of the observed temperature dependence. These fact
together with Figure 8, which shows that a cluster of similar
eigenvalues contribute to the amplitude of this relaxation,
suggest that it corresponds to a diffusion-like process in
which the helix-containing species re-equilibrate to the
change in temperature. At low temperatures the length of

the helical sequence Is close to its maximum v:_:tlue.dme accurately assess helix cooperativity, represented in our
temperature jump induces only small changes in the average, el by the value of, by comparing the relaxation rates
number of helical residues, and the observed relaxation timey, - qjiy—coil kinetics probed by an end label, such as our
IS cloge to.the single step relaxatlon tinke: ¢- k). Near fluorescence probe, and by a bulk label, such as circular
the midpoint of the transition, a number of sequential steps i roism or infrared absorption.

are required to go from the initial to the final distribution of
helical sequence lengths, so the rate becomes significantly

slower than the single step relaxation time. The increased

'distance’ that the population must traverse to equilibrate ACKNOWLEDGMENT
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