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Microsecond and Nanosecond Polyproline II Helix Formation in 
Aqueous Nanodrops Measured by Mass Spectrometry

Daniel N. Mortensen and Evan R. Williams*

Department of Chemistry, University of California, Berkeley, California 94720-1460, United States.

Abstract

The 1.5 μs and <400 ns time constants for the formation of polyproline II helix structures in 21 

and 16 residue peptides, respectively, are measured using rapid mixing from theta-glass emitters 

coupled with mass spectrometry. Results from these studies should serve as useful benchmarks for 

comparison with computational simulation results.

Secondary structures in proteins and peptides, such as α-helices and β-sheets, can form 

within tens of microseconds or less.1,2 Explicit-solvent, all-atom simulations now enable 

folding trajectories of α-helix and β-structures in biopolymers containing up to 100 amino 

acids to be computed.2,3 However, the formation kinetics of other common secondary 

protein structures, such as that of the polyproline II (PPII) helix, have not been investigated 

as thoroughly. The PPII helix is an extended left-handed helix with three residues per turn, 

3-fold rotational symmetry, and a per residue length of 3.1 Å.4,5 PPII helices are the primary 

component of the triple-helix structure of collagen6 and are commonly found in both 

natively folded7-10 and natively unfolded (or disordered)8,11,12 proteins and peptides. PPII 

helix structures can occur in polypeptides containing few or no proline residues 13,14 and 

have been implicated in numerous functional roles,4,5 including protein-protein 

interactions,9 ligand and non-covalent cofactor binding,15-17 and even in the formation of the 

amyloid plaques associated with diseases involving protein misfolding, such as 

Parkinson's.5,18,19

The transitions for several individual peptides between a polyproline I (PPI) helix structure 

in a mostly organic solution to a PPII helix structure in a mostly aqueous solution have been 

investigated and occur within minutes to hours, depending on the reaction temperature a nd 

on the amino-acid sequence.20-22 Formation kinetics of PPII helices in more native-like 

buffered aqueous solutions, however, have not been measured. Recently, double-barrel nano-

electrospray ionization (nanoESI) emitters, also known as theta-glass emitters, have been 

used to rapidly mix solutions during nanoESI to investigate numerous room-temperature 

reactions,23-27 including monitoring protein folding reactions that occur in 

microseconds.26,27 A 2.2 μs folding time constant for the formation of a β-hairpin in a 14 

residue peptide was determined, which is the fastest folding event that has been directly 
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measured with a rapid mixing technique.27 Reaction times of between 1 and 22 μs have been 

achieved with thes e devices by varying the solution flow rate, which depends on the 

backing pressure and on the nanoESI-emitter tip size.27 Here, rapid mixing with theta-glass 

emitters is used to investigate the rates of formation for PPII helices in two short (16 and 21 

re sidue) peptides. These peptides are prepared in acidified aqueous solutions in which they 

are highly unfolded and mixed with buffered aqueous solutions during nanoESI to increase 

the solution pH and induce the formation of the PPII helices. These structura l transitions are 

measured using mass spectrometry, and information about the equilibrium structures of the 

peptides is obtained with circular dichroism (CD).

Mass spectra are acquired using a 9.4 T Fourier-transform ion cyclotron resonance mass 

spectrometer that is described elsewhere.28 Rapid mixing and ion formation are performed 

using theta glass capillaries (Warner Instruments, LLC; Hamden, CT) pulled into tips with 

outer diameters of between 1465 ± 134 and 244 ± 61 nm using a model p-87 Flaming/

Brown micropipette puller (Sutter Instruments Co., Novato, CA). Grounded platinum wires 

are brought into contact with the solutions in the emitters, and a backing pressure of either 5 

or 10 psi is applied to the back end of the capillary, depending on the desired reaction 

time.27 NanoESI is initiated by applying about a −700 V potential to the heated capillary of 

the ESI interface. Average charges are computed as abundance weighted sums of the charge 

states, and uncertainties are standard deviations from triplicate measurements. CD spectra 

are acquired using a model 410 circular dichroism spectrometer (Aviv Biomedical Inc., 

Lakewood, NJ).

Solutions of [Asp76]-parathyroid hormone fragment 64–84 (amino-acid sequence: EKSLG 

EADKA DVDVL TKAKS Q) and neurogranin fragment 28–43 (amino-acid sequence: 

AAKIQ ASFRG HMARK K) are prepared with 10 μM analyte concentrations. The initial 

pH of droplets formed during the rapid mixing experiments is estimated to be 4.7 ± 0.3. This 

value is determined using the initial concentrations of acetic acid (pKa = 4.8) and ammonia 

(pKb = 4.8, both at 25 °C)29 in the droplets. Initial concentrations in the nanodrops are 

determined from the initial concentrations of the solutions in each barrel and the relative 

flow rates of these solutions during nanoESI. Relative flow rates are determined using Leu- 

and Met-enkephalin as internal standards as described previously.25

CD spectra of parathyroid hormone fragment 64-84 (PTH64-84) in both a 100 mM aqueous 

acetic acid solution (pH = 2.9) and the acetic acid solution mixed with a 100 mM aqueous 

ammonium acetate solution at a 1:1 ratio (equilibrium, pH = 4.7) are shown in Fig. 1 as 

dashed red and solid blue lines, respectively. There are negative peaks at ≤200 and 223 nm 

in both spectra. These peaks are at similar wavelengths as those in the CD spectrum of the 

seven residue peptide XAO in a buffered aqueous solution at pH = 7.0, which has negative 

peaks at 198 and 227 nm.13 XAO has significant PPII helix structure (≥50%), as well as 

some β-structures, including turns.13,14 The similarities between the CD spectrum reported 

here for PTH64-84 and that reported previously for XAO suggest that PTH64-84 is composed 

primarily of PPII helix structures and likely contains some β-structures. These results are 

consistent with dark field electron microscopy results reported for intact parathyroid 

hormone in 80 mM aqueous ammonium acetate nanodrops (pH = 7.4),30 which indicate that 

residues 69–82 of parathyroid hormone adopt a helical structure and residues 65–68 adopt a 
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turn structure. The intensities of the peaks at ≤200 and 223 nm in Fig. 1 are ~2.8 and ~2.6 

times greater, respectively, in the CD spectrum of the mixed solution at equilibrium than in 

that of the acetic acid solution. This result indicates that the structures corresponding to the 

peaks at ≤200 and 223 nm are disrupted to a significant extent in the acetic acid solution.

NanoESI of PTH64-84 in the acetic acid solution (pH = 2.9) results in the formation of the 3+ 

and 4+ charge states with an average charge of 3.70 ± 0.02 (Fig. 2a). NanoESI of the acetic 

acid solution mixed with the ammonium acetate solution at a 1:1 ratio prior to nanoESI 

(equilibrium, pH = 4.7) results in the 2+ and 3+ charge states with an average charge of 2.80 

± 0.01 (Fig. 2b). The extent of charging for protein and peptide ions in nanoESI depends on 

many factors, but solution-phase conformation is one of the most important. Folded 

conformers charge less than unfolded conformers.31,32 Therefore, the lower average charge 

obtained with the mixed solution at equilibrium (2.80) than with the acetic acid solution 

(3.70) is consistent with PTH64-84 adopting a more folded structure in the mixed solution 

than in the acetic acid solution. The 2+ and 3+ charge states comprise ~3.3 times more of the 

population with the mixed solution at equilibrium (100%, Fig. 2b) than with the acetic acid 

solution (30 ± 2%, Fig. 2a). This result is consistent with the ~2.8 and ~2.6 times greater 

intensities of the peaks at ≤200 and 223 nm, respectively, in the CD spectrum of the mixed 

solution at equilibrium than in the CD spectrum of the acetic acid solution (Fig. 1). These 

results suggest that the 2+ and 3+ charge states correspond to PPII helix rich structures, 

whereas the 4+ charge state corresponds to more highly unfolded structures.

The acidified PTH64-84 solution was mixed with the aqueous ammonium acetate solution 

using theta-glass emitters with flow rates of ~48, ~120, and ~383 pL/s (Fig. 2c-e, 

respectively). These flow rates were obtained using various tip sizes and backing pressures27 

and correspond to reaction times of 1.0 ± 0.0, 3.0 ± 0.1, and 5.3 ± 0.2 μs, respectively.27 

These reaction times were obtained from the extent of folding that occurred during nanoESI 

for Trp-cage, a 20 residue mini-protein with a known folding time constant of 4.1 μs. The 

average charge of PTH64-84 decreases with increasing reaction time from 3.37 ± 0.03 at 1.0 

μs to 2.78 ± 0.04 at 5.3 μs. At 5.3 μs (Fig. 2e), the average charge of PTH64-84 (2.78 ± 0.04) 

is the same within error as that obtained for the mixed solution at equilibrium (2.80 ± 0.01, 

Fig. 2b). At shorter reaction times (Fig. 2c and 2d), the average charge is higher than that 

obtained at equilibrium. These results indicate that the folding of PTH64-84 reaches 

equilibrium within 5.3 μs but not within ≤3.0 μs.

The folding time constant for the formation of the PPII helix conformation in PTH64-84 can 

be obtained from the extent of protein folding that occurs by modelling this reaction as a two 

state folding reaction.33 Average charges can be used to determine the extent of folding and 

to obtain protein folding time constants 27 using the equation:

(1)

where t is the reaction time, τ is the protein folding time constant, and qe, qo, and qt are the 

average charges at equilibrium and at times 0 and t, respectively. The folding time constant 
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for the formation of the PPII helix structure in PTH64-84 is obtained from the rapid mixing 

data in which equilibrium is not reached (Fig. 2c and 2d) using eq 1. Folding time constants 

of 1.6 ± 0.2 and 1.4 ± 0.3 μs are obtained at reaction times of 1.0 and 3.0 μs, respectively 

(Fig. 2c and 2d). These values are the same within error, and the average value is 1.5 ± 0.3 

μs. These results show that PTH64-84 folds from a highly unfolded structure to a mostly PPII 

helix structure within a few microseconds.

To confirm that PPII helices can form within this time frame, experiments were also 

performed with a second peptide with a PPII helix conformation. CD spectra of neurogranin 

fragment 28-43 (Ng28-43) in a 100 mM aqueous acetic acid solution (pH = 2.9) and in the 

acetic acid solution mixed with a 100 mM aqueous ammonium acetate solution at a 1:1 ratio 

(equilibrium, pH = 4.7) are shown in Fig. 3 as dashed red and solid blue lines, respectively. 

There is only a small negative peak centered at ≤200 nm for the acetic acid solution. 

However, there are negative peaks at 202 and 233 nm and a positive peak at 219 nm for the 

premixed solution at equili brium. A negative peak at 202 nm and a positive peak at 219 nm 

also occur in the CD spectrum of native polyproline, which adopts a PPII helix structure.34 

The similarities between the CD spectrum of native polyproline and that of Ng28-43 in the 

mixed solution at equilibrium indicates that Ng28-43 adopts a PPII helix conformation in the 

mixed solution. The weak negative peak centered at 233 nm may correspond to a small 

portion of Ng28-43 adopting an α-helix conformation. Two broad nega tive peaks centered at 

~208 and ~222 nm are typically observed in the CD spectra of α-helices.35 The negative 

peak normally observed at 208 nm may be unresolved from the strong negative peak at 202 

nm. Overlap with the positive peak at 219 nm corresponding to α-helix regions of Ng28-43 

may result in reduced signal intensity at 222 nm and thus an apparent shift to the higher 233 

nm wavelength. The absence of peaks at 202, 219, and 233 nm in the CD spectrum of the 

acetic acid solution indicates that the majority of the PPII helix structure is disrupted in this 

solution.

Mass spectra of Ng28-43 in the acetic acid solution (pH = 2.9) and the acetic acid solution 

mixed with the ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium, pH 

= 4.7) are shown in Fig. 4a and 4b, respectively. With the acetic acid solution (Fig. 4a), the 

3+ and 4+ charge states are formed and the 4+ is the most abundant (average charge = 3.95 

± 0.02). Ng28-43 is a 16 residue peptide, so 25% of the residues are charged in the 4+ charge 

state. To obtain similar extents of charging for ubiquitin and cytochrome c ions (27.6% and 

23.1% of residues charged, respectively), the proteins must be significantly unfolded and the 

ions adopt near-linear conformations.36 This result suggests that the 4+ charge state of 

Ng28-43 corresponds to highly unfolded conformations in solution. In the mass spectrum of 

the mixed solution at equilibrium (Fig. 4b), the 2–4+ charge states are formed and the 3+ is 

the most abundant (average charge = 3.04 ± 0.04). The average charge obtained from this 

solution is significantly less than that obtained with the acetic acid solution (3.95 ± 0.02). 

This result is consistent with Ng28-43 adopting a more folded structure in the mixed solution 

at equilibrium than in the acetic acid solution, consistent with the results obtained for these 

respective solutions using CD.

The acidified Ng28-43 solution was mixed with the ammonium acetate solution using the 

theta-glass emitters with a flow rate (~48 pL/s) that results in a reaction time of 1.0 μs (Fig. 
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4c). The 2–4+ charge states are formed with an average charge of 3.02 ± 0.04. This average 

charge is the same to within error as that obtained for a 1:1 mixture of these solutions at 

equilibrium (3.04 ± 0.04, Fig. 4b). This result indicates that the formation of the PPII helix 

structure in Ng28-43 reaches equilibrium within 1.0 μs. An upper limit to the folding time 

constant of Ng28-43 can be obtained with these results. An average charge of 3.10 (2σ above 

that obtained in the rapid mixing experiments) corresponds to a folding time constant of 

~400 ns. To obtain the lower average charge of 3.02 obtained in the rapid mixing 

experiments would require an even shorter folding time constant. Therefore, the formation 

of the PPII helix in Ng28-43 occurs with a time constant of <400 ns. An approximate “speed 

limit” of n/100 μs, where n is the number of residues, has been reported for the folding of 

single-domain proteins and peptides.1 Ng28-43 is a 16 residue peptide and thus has an 

approximate speed limit for folding of the entire peptide of 160 ns. The <400 ns folding time 

constant obtained for the formation of the PPII helix in Ng28-43 indicates that the PPII helix 

in this peptide must form at a rate very close to the speed limit for the formation of α-helix 

and β-structures in similarly sized peptides. In contrast, the 1.5 μs folding time constant for 

the formation of the PPII helix structure in PTH64-84 is about an order of magnitude greater 

than the approximate speed limit (210 ns for a 21 residue peptide). The significant difference 

in folding time constants obtained for these two peptides shows that the formation time of 

PPII helices from highly unfolded structures depends on the amino-acid sequence, consistent 

with results reported for the transition from PPI to PPII helices.20-22

Chemical processes that occur in these aqueous ESI nanodrops can potentially be affected 

by solvent evaporation, whi ch rapidly increases concentrations of less volatile components, 

and by interactions between molecules and the interface of the droplet surface. Bimolecular 

reactions can occur up to 10,000 times faster owing to these factors.37,38 The unimolecular 

process of folding measured here should not be affected by concentration changes due to 

solvent evaporation at the low concentrations used (Supplementary Information), but 

interactions with the surface of the nanodrops may have an effect on folding rates compared 

to those in bulk solution.

Results from this study demonstrate that the formation of PPII helix structures can occur 

within a few microseconds or less in buffered aqueous solutions and that the formation of 

these structures can be monitored with mass spectrometry using rapid mixing from theta-

glass emitters. To the best of our knowledge, the time constants measured here for the 

formation of PPII helix structures in buffered aqueous solutions are the first of their kind. 

These measurements should serve as useful benchmarks for comparisons with 

computational simulations. The formation time constants of other structures that fold on a 

similar time scale should be readily measurable using this technique.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Circular dichroism spectra of PTH64-84 in a 100 mM aqueous acetic acid solution (pH = 2.9, 

dashed red line) and the acetic acid solution mixed with a 100 mM aqueous ammonium 

acetate solution at a 1:1 ratio (equilibrium, pH = 4.7, solid blue line).
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Fig. 2. 
Mass spectra of (a) PTH64-84 in a 100 mM aqueous acetic acid solution (pH = 2.9), (b) the 

acetic acid solution mixed with a 100 mM aqueous ammonium acetate solution at a 1:1 ratio 

prior to nanoESI (equilibrium, pH = 4.7), and (c) the acetic acid solution mixed with the 

ammonium acetate solution using the theta-glass emitters with flow rates that result in 

reaction times of (c) 1.0, (d) 3.0, and (e) 5.3 μs. (*) denotes average charge state. (L) and 

(M) denote Leu- and Met-enkephalin, respectively, which are used as internal standards to 

measure the relative flow rates of the solutions in the individual barrels of the theta-glass 

emitters.
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Fig. 3. 
Circular dichroism spectra of Ng28-43 in a 100 mM aqueous acetic acid solution (pH = 2.9, 

dashed red line) and the acetic acid solution mixed with a 100 mM aqueous ammonium 

acetate solution at a 1:1 ratio (equilibrium, pH = 4.7, solid blue line).
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Fig. 4. 
Mass spectra of (a) Ng28-43 in a 100 mM aqueous acetic acid solution (pH = 2.9), (b) the 

acetic acid solution mixed with a 100 mM aqueous ammonium acetate solution at a 1:1 ratio 

prior to nanoESI (equilibrium, pH = 4.7), and (c) the acetic acid solution mixed with the 

ammonium acetate solution using the theta-glass emitters with a flow rate that results in a 

reaction time of 1.0 μs. (*) denotes average charge state. (L) and (M) denote Leu- and Met-

enkephalin, respectively, which are used as internal standards to measure the relative 

solution flow rates.
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