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ABSTRACT: The use of theta-glass emitters and mass spectrometry to monitor reactions
that occur as fast as one μs is demonstrated. Acidified aqueous solutions containing
unfolded proteins are mixed with aqueous ammonium acetate solutions to increase the
solution pH and induce protein folding during nanoelectrospray ionization. Protein charge-
state distributions show the extent to which folding occurs, and reaction times are obtained
from known protein folding time constants. Shorter reaction times are obtained by
decreasing the solution flow rate, and reaction times between 1.0 and 22 μs are obtained
using flow rates between 48 and 2880 pL/s, respectively. Remarkably similar reaction times
are obtained for three different proteins (Trp-cage, myoglobin, and cytochrome c) with
folding time constants that differ by more than an order of magnitude (4.1, 7, and 57 μs,
respectively), indicating that the reaction times obtained using rapid mixing from theta-glass emitters are independent of protein
identity. A folding time constant of 2.2 μs is obtained for the formation of a β-hairpin structure of renin substrate
tetradecapeptide, which is the fastest folding event measured using a rapid mixing technique. The 1.0 μs reaction time obtained
here is about an order of magnitude lower than the shortest reaction time probed using a conventional mixer (8 μs). Moreover,
this fast reaction time is obtained with a 48 pL/s flow rate, which is 2000-times less than the flow rate required to obtained the 8
μs reaction time using a conventional mixer. These results indicate that rapid mixing with theta-glass emitters can be used to
access significantly faster reaction times while consuming substantially less sample than in conventional mixing apparatus.

■ INTRODUCTION

Information about reaction kinetics, including protein folding1−3

and unfolding,4 is often obtained by rapidly mixing two or more
solutions. Conventional mixing devices include chaotic,5

turbulent,6 and laminar2,3 flow mixers. Shorter reaction times
are often obtained by increasing the solution flow rate. The
shortest reaction time achieved with a conventional mixer is 8 μs
using a laminar flow mixer with a ∼100 nL/s flow rate.2 This
mixing time is insufficient to observe some fast protein folding
events, such as the folding of the 20 residue “mini-protein” Trp-
cage, which has a folding time constant of 4.1 μs.7 Mass
spectrometry (MS) is an excellent detector for measuring
reaction products resulting from rapid mixing experiments owing
to its high sensitivity, high chemical specificity, and rapid speed of
analysis.8 Several different in-line mixers have been coupled with
MS including stopped,1 continuous,4,9 and laminar2,3 flow
devices. The shortest reaction time achieved using a conventional
mixer coupled with MS is 200 μs with a laminar flow mixer and a
10 μL/s flow rate.3

Solutions can be mixed prior to MS during electrospray
ionization (ESI), which has been done using multiple channel
electrospray,10,11 fused-droplet electrospray,12 extractive electro-
spray,13,14 and dual-sprayer microchips.15,16 Solution-phase
reactions have also been carried out in charged microdroplets
and monitored with MS using desorption electrospray
ionization,17,18 ambient ion soft landing,19 and microdroplet
fusion, which is accomplished by orthogonally colliding ESI
droplets.20 Microdroplet fusion MS has been used to measure

bimolecular reduction−oxidation, protein unfolding, and hydro-
gen/deuterium exchange at reaction times of >13 μs.20 This
reaction time was obtained from the droplet velocity and the
distance between the droplet collision point and the entrance to
the mass spectrometer. Mixing times in these experiments were
estimated to be less than a few microseconds.
Recently, theta-glass emitters (double-barrel wire-in-a-capil-

lary emitters that resemble the Greek letter θ “theta” when
turned on end) have been used to mix solutions during the ESI
process. Mixing with theta-glass emitters likely occurs in a few
microseconds or less21 and has been used to measure
noncovalent complexation,21,22 hydrogen/deuterium ex-
change,22 bimolecular reduction−oxidation,21 protein folding23

and unfolding,23,24 and to introduce supercharging reagents to
protein solutions during ESI.24

The lifetime of the droplets formed using the theta-glass
emitters controls the extent to which solution-phase reactions
can occur in these droplets.21,23 The ESI droplet lifetime depends
on several factors including the solution composition23,25 and the
initial droplet diameter.25 The initial droplet diameter can be
varied by changing the solution flow rate,26−29 which depends on
both the inner diameters of the electrospray emitter tips and the
backing pressure applied to the solutions inside the emitters.29,30

Reaction times between 7 and 25 μs, depending on solution
composition, have been obtained for droplets formed from theta-
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glass emitters operating at a flow rate of ∼1 nL/s.23 These
reaction times were obtained from the extent of protein folding
that occurs during nanoESI and known protein folding time
constants obtained in bulk solution. Information about the
conformation of proteins in solution is obtained from the charge-
state distributions of the protein ions formed by ESI. Folded
globular conformers are less highly charged than unfolded
conformers,31−34 and the relative abundances of different protein
conformers can be obtained by modeling the bimodal or
multimodal charge-state distributions.34,35 The short reaction
times obtained using rapid mixing from theta-glass emitters
indicate that this technique can be used to access fast reaction
times while consuming substantially less sample than is used in
conventional mixing apparatus. However, methods for varying
the reaction time at short time scales using rapid mixing from
theta-glass emitters have not previously been demonstrated.
Here, theta-glass emitters are used to mix acidified aqueous

solutions containing a protein with aqueous ammonium acetate
to increase the solution pH and induce protein folding during
nanoESI. The extent of protein folding that occurs in these
experiments is controlled by varying the solution flow rate, and
reaction times between 1.0 μs at 48 pL/s and 22 μs at 2880 pL/s
are obtained from the extent of folding that occurs in these
experiments and known folding time constants of different
proteins. The 1.0 μs reaction time is significantly less than the 8
μs reaction time reported for a conventional mixer.2 The 1.0 μs
reaction time is obtained using a flow rate (48 pL/s) that is 2000-
fold less than that required to obtained the 8 μs reaction time
using a conventional mixer (∼100 nL/s). Results from this study
demonstrate that ultrafast (1 μs) protein folding reactions can be
readily investigated using rapid mixing from theta-glass emitters
coupled with MS and that substantially less sample is required
compared to conventional mixing apparatus. This method
should enable a wide range of fast reactions to be measured
including complex reactions with multiple reaction products.

■ EXPERIMENTAL SECTION
Mass spectra are acquired using a 9.4 T Fourier-transform ion cyclotron
resonance mass spectrometer that is described elsewhere.36 Rapid
mixing is performed using theta-glass capillaries (Warner Instruments,
LLC; Hamden, CT) that have tips that are pulled using a model p-87
Flaming/Brown micropipette puller (Sutter Instruments Co.; Novato,
CA). The tips of the capillaries are imaged on carbon tape at 10 000-
times magnification using a TM-1000 scanning electron microscope
(Hitachi High-Technologies Co.; Tokyo, Japan). Grounded platinum
wires are inserted into the capillaries so as to contact the solutions in
each barrel, and a backing pressure is applied to the back end of the
capillaries. NanoESI is initiated by applying a potential of about −700 V
to the heated capillary of the ESI interface. Data are acquired using a
Predator data station,37 and mass spectra are background subtracted. To
determine flow rates, the theta-glass emitters are weighed before and
after electrospraying for a fixed time using an A-200DS analytical balance
(Denver Instrument Company, Bohemia, NY) with a lower mass range
of 0.01 mg and a reproducibility (standard deviation) of 0.02 mg.
Temperature-dependent studies are conducted using single-barrel wire-
in-a-capillary electrospray emitters prepared by pulling borosilicate
capillaries (Warner Instruments) into 1.83 ± 0.04 μm o.d. tips. A NiCr
wire is wrapped around a cylindrical aluminum jacket that holds the
capillaries and is used to resistively heat the capillaries during nanoESI.
The temperature of the aluminum jacket is measured using a
thermocouple (Omega, Stanford, CT). This device is described
elsewhere.34 Traveling wave ion mobility spectrometry drift times in
nitrogen gas are measured using a Synapt G2-Si High Definition Mass
Spectrometer (Waters, Milford, MA, USA) with a wave velocity of 500
m/s, a wave height of 40 V, and helium and nitrogen flow rates of 180
and 90 mL/s, respectively.

Average charge states are computed as abundance weighted sums of
the individual charge states. All uncertainties reported are standard
deviations determined from triplicate measurements. The initial pH
values of droplets formed upon rapid mixing of two solutions from the
theta-glass emitters are estimated to be within ±0.2 of the pH of those
solutions mixed at a 1:1 ratio. This estimate is determined using the
initial concentrations of acetic acid (pKa = 4.8) and ammonia (pKb = 4.8,
both at 25 °C)38 in the droplets. Initial droplet concentrations 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 monitored using Leu- and Met-enkephalin as internal
standards as described previously.21

Ammonium acetate, 18-crown-6, Leu- and Met-enkephalin acetate
salt hydrates, equine apo-myoglobin and cytochrome c, and renin
substrate tetradecapeptide are obtained from Sigma-Aldrich (St. Louis,
MO), glacial acetic acid and NaCl from Fisher Scientific (Fair Lawn,
NJ), KCl fromMallinckrodt Baker, Inc. (Phillipsburg, NJ), and Trp-cage
from AnaSpec Inc. (Fremont, CA).

■ RESULTS AND DISCUSSION

Controlling Solution Flow Rates. The solution flow rates
in the theta-glass emitters can be varied by changing the backing
pressure applied to the solutions in the emitters and by making
emitters with tips that have different outer diameters (o.d.).29,30

Smaller initial droplet sizes are formed with lower solution flow
rates29 and with smaller tip sizes.39 The effect of the backing
pressure on the flow rate was investigated by varying the pressure
between 5 and 40 psi using theta-glass emitters with ∼1465 nm
o.d. tips. Flow rates are obtained by spraying an aqueous solution
of 500 μm 18C6 and 500 μmNaCl until the mass of the solution
in the tip decreases by at least 0.5 mg and by measuring the
change of mass with time (between ∼10 min and ∼2 h,
depending on the flow rate). These measurements show that the
flow rate increases linearly with increasing backing pressure from
383 pL/s at 5 psi to 2880 pL/s at 40 psi (Figure 1a).
The effect of the size of the o.d. of the tips of the theta-glass

emitters on the flow rate was investigated by varying the o.d. of
the tips between 244± 61 and 1465± 134 nm and using a 10 psi
backing pressure. Electron micrographs of the various size tips
are provided in the Supporting Information (Figure S1). The
flow rate increases linearly with increasing tip o.d., from 48 pL/s

Figure 1. Solution flow rates as a function of (a) the backing pressure
applied to the solutions during nanoESI using theta-glass emitters with
∼1465 nm o.d. tips and (b) the o.d. of the tips of the theta-glass emitters
using a 10 psi backing pressure. Dashed lines are linear fits to the data.
(c) Solution velocities at the tips of the theta-glass emitters as a function
of the tip o.d.
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at ∼244 nm to 913 pL/s at ∼1465 nm (Figure 1b) even though
the cross-sectional area of the tips increases quadratically with the
tip diameter. The linear relationship between tip size and flow
rate is consistent with results reported for single-barrel emitters
with tip o.d.s of between 1 and 5 μm.30 The relationship between
flow rate and cross-sectional area of the tip indicates that the
velocity of the solution exiting an emitter changes with tip size.
The velocity of a solution as it exits the emitter was obtained by
dividing the solution flow rate by the emitter tip orifice area. The
latter value was estimated as an ellipse with diameters equal to the
i.d. of the tips perpendicular to and parallel to the inner divider
less the area occupied by the inner divider. Solution velocities
were not estimated for the smallest (∼244 nm o.d.) tips because
the i.d. and central divider were not resolvable. The velocity of
the solution at the tip of the theta-glass emitters as a function of
the tip o.d. is shown in Figure 1, panel c. The solution velocity
increases significantly with decreasing tip size. The electric field
at the tip of the emitter also increases with decreasing tip size, and
this may play a role in the increasing velocity with decreasing tip
size.
To determine whether complete mixing between the solutions

in the two channels of the theta-glass emitters occurs during
nanoESI, a solution containing 18-crown-6 (18C6) was mixed
with a solution containing KCl, and the rapid equilibration
complexation reaction between 18C6 and K+ was measured. The
extent of complexation reaction that occurs in these experiments
is obtained from the abundance of the complex [18C6 + K]+

relative to that of the complex [18C6 + Na]+ as described
previously21 (Supporting Information, Figure S2). This reaction
reaches equilibrium during nanoESI at each flow rate, indicating
that the solutions loaded into the different barrels of the theta-
glass emitters mix completely in these experiments.

Reaction Times and Backing Pressure. To determine the
reaction times that are accessible with these theta-glass emitters,
the folding of proteins with known folding rate constants was
investigated. In aqueous solution, apo-myoglobin (aMb) is
unfolded below pH = 3, has a partially unfolded globular
structure at pH = 4, and has a compact globular structure similar
to that of native holo-myoglobin between pH = 5 and 7.40

NanoESI of an acidified aqueous aMb solution (pH = 2.9) results
in the production of the 11−26+ charge states (Figure 2a),
consistent with this protein adopting unfolded conformations in
this solution. Results from mixing this acidified aMb solution
with a 100mM aqueous ammonium acetate solution at a 1:1 ratio
prior to nanoESI (equilibrium; pH = 4.7) are shown in Figure 2,
panel b. The charge-state distribution is bimodal, and the high
charge state distribution corresponding to unfolded structures is
shifted to slightly lower charge. The 7−10+ charge states
correspond to folded conformers and constitute 36± 5% of aMb.
The 11+ charge state is more abundant than the 10+ and 12+
charge states, suggesting that a partially folded, perhaps
intermediate conformer, may also be present.
The effects of the solution flow rate on the extent of folding

that occurs during nanoESI were determined by mixing the
acidified aMb solution with the ammonium acetate solution
using the theta-glass emitters with backing pressures of between
5 and 40 psi (Figure 2c−f, in order of increasing backing
pressure). The same charge states are observed as those
measured when these solutions are at equilibrium (Figure 2b),
but the relative abundance of the folded fraction of aMb (7−10+)
increases with backing pressure from 17± 6% at 5 psi to 34± 2%
at 40 psi. These results indicate that the extent of folding that
occurs during the nanoESI process increases with increasing
backing pressure. Interestingly, the relative abundance of the 11+

Figure 2.Mass spectra of (a) an acidified aqueous aMb solution (pH = 2.9), (b) the acidified aMb solution mixed with a 100 mM aqueous ammonium
acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH = 4.7), the acidified aMb solution mixed with the ammonium acetate solution using the
theta-glass emitters and backing pressures of (c) 5, (d) 10, (e) 25, and (f) 40 psi, (g) an acidified aqueous cyt c solution (pH = 2.8), (h) the acidified cyt c
solution mixed with the ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium; pH = 4.4), and the acidified cyt c solution mixed with
the ammonium acetate solution using the theta-glass emitters and backing pressures of (i) 5, (j) 10, (k) 25, and (l) 40 psi. Inset percentages are the
relative abundances of the charge states corresponding to folded protein conformers (denoted with ∗).
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charge state also increases with increasing backing pressure,
consistent with this charge state corresponding to a short-lived
folding intermediate. The reaction time upon rapid mixing using
the theta-glass emitters can be obtained from the extent of
protein folding that occurs bymodeling this as a two-state folding
reaction.41 The integrated rate law for a two-state folding
reaction is

τ=
−
−

⎛
⎝⎜

⎞
⎠⎟t

A A
A A

ln
t

e o

e (1)

where t is time, τ is the protein folding time constant, and Ae, Ao,
and At are the relative abundances of the folded protein
conformer at equilibrium and at times 0 and t, respectively. The
initial collapse of unfolded aMb to a globular conformer occurs
with a 7 μs time constant,42 and the formation of a conformer
similar to that of native holo-myoglobin occurs in greater than 1
ms.43 Previous results using theta-glass emitters with ∼1 nL/s
flow rates indicated a 9 μs reaction time.23 Thus, only the initial
collapse of aMb is likely to occur to a significant extent in the
droplets formed here.
To determine the extent to which the folded structures from

the equilibrium and rapid mixing experiments are similar, drift
times of the corresponding charge states (8−10+) are obtained
using traveling wave ion mobility spectrometry (TWIMS). Drift
times obtained for the 8−10+ charge states of aMb resulting from
the rapid mixing experiments are between 1 and 3% longer than
those obtained for the same charge states resulting from the
equilibrium experiments (Supporting Information, Figure S3a−
c). These results suggest that the 8−10+ charge states resulting
from the rapid mixing experiments correspond to slightly less
compact structures than those resulting from the equilibrium
experiments, consistent with the initial collapse expected on this
fast time scale.
The reaction times in these rapid mixing experiments are

obtained from the relative abundances of the folded fraction of
aMb obtained in the unmixed, equilibrium, and rapid mixing
experiments and the 7 μs time constant of the initial collapse of
aMb using eq 1. These reaction times are indicated on the
corresponding mass spectra (Figure 2c−f). The reaction time
increases with increasing backing pressure from 5 ± 2 μs at 5 psi
to 20 ± 3 μs at 40 psi.
To determine the accuracy of these reaction times, another

protein with a significantly different folding time constant was
investigated. In aqueous solution, cytochrome c (cyt c) adopts a
native folded conformer between pH = 3 and 7 and is unfolded at
pH = 2.44,45 Cyt c also adopts a globular “A” state at salt
concentrations of ≥0.2 M,46 and a partially folded intermediate
may form in solutions with lower salt concentrations.47,48

NanoESI of an aqueous cyt c solution at pH = 2.8 results in a
bimodal charge-state distribution (Figure 2g), indicating that
both folded (6−10+) and unfolded (11−19+) conformers exist
in solution at this pH and that the folded form comprises 34 ±
5% of the population. Results from mixing this acidified cyt c
solution with a 100mM aqueous ammonium acetate solution at a
1:1 ratio prior to nanoESI (equilibrium; pH = 4.4) are shown in
Figure 2, panel h. Only the 7+ and 8+ charge states are observed,
indicating that cyt c is predominantly folded in this solution. The
slightly lower charging of the folded form resulting from this
solution (Figure 2h) compared to that from the unmixed cyt c
solution (Figure 2g) may be a result of the different solution
composition or of changes to the structure of the folded
conformer. The mixed solution has a higher ionic strength and

thus may result in more compact conformers. Results from
mixing the acidified cyt c solution with the ammonium acetate
solution using the theta-glass emitters with backing pressures of
between 5 and 40 psi are shown in Figure 2, panels i−l in order of
increasing backing pressure. There are charge states correspond-
ing to both folded (6−8+) and unfolded (9−16+) structures in
each spectrum, and the relative abundance of the folded form
increases with backing pressure from 40± 2% at 5 psi to 55± 3%
at 40 psi.
The initial folding of cyt c occurs with a 57 μs time constant,44

and other folding steps may occur with time constants of ≥600
μs.48−50 The TWIMS ion mobility drift times for the 6−8+
charge states of cyt c formed in the rapid mixing and equilibrium
experiments are indistinguishable (Supporting Information,
Figure S3d−f). This result indicates that any differences in
structure are indistinguishable based on the collisional cross-
section alone. On the basis of the 5−20 μs reaction times
obtained here for aMb, only the initial folding step of cyt c is likely
to occur to a significant extent in these experiments. Thus, only
the 57 μs time constant for the initial folding step of cyt c is
considered in obtaining the reaction times for these experiments,
which are indicated on the respective mass spectra (Figure 2i−l).
The reaction time increases with backing pressure from 5.5± 0.9
μs at 5 psi to 22± 4 μs at 40 psi. All of these reaction times are the
same as those obtained for aMb at the same backing pressures.
These results indicate that the reaction times obtained using
rapid mixing from theta-glass emitters are independent of the
different folding time constants for these two proteins, and any
uncertainties in the protein folding time constants do not
contribute substantially to uncertainties in the reaction times
measured here. A reaction time of 7 ± 3 μs was reported23 from
cyt c folding using the same tip size and backing pressure as that
used to obtain the 9 ± 2 μs reaction time reported here. A
significantly more concentrated aqueous ammonium acetate
solution (500 mM) was used in the earlier study compared to the
100 mM aqueous ammonium acetate solution used here. The
similar reaction times indicate that the initial concentration of
ammonium acetate in the droplets has no measurable effect on
the measured reaction times within this range of concentrations.

Reaction Times and Tip Size. Reducing the o.d. of the tips
of the theta-glass emitters results in lower flow rates, smaller
initial droplet sizes,39 and shorter droplet lifetimes. The data in
Figure 2 were acquired using ∼1465 nm o.d. tips. A nanoESI
mass spectrum of the acidified aqueous aMb solution (pH = 2.9)
acquired using a theta-glass emitter with a significantly smaller
∼305 nm o.d. tip is shown in Figure 3, panel a. The charge-state
distribution is bimodal, with one distribution between the 12−
21+ charge states and the other between the 22−27+ charge
states, which comprise 18 ± 3% of the population. The
distribution between the 12−21+ charge states is significantly
narrower than the distribution corresponding to unfolded
conformers (11−26+) obtained with the larger ∼1465 nm o.d.
tips (Figure 2a). This is possibly a result of a narrower
distribution of droplet sizes being formed from the smaller
tips. Narrower charge-state distributions have also been reported
for cyt c and ubiquitin ions generated from <100 nm o.d. tips
compared to those generated from ∼1 μm o.d. tips.51 The 22−
27+ charge states observed here may correspond to an evenmore
highly unfolded conformer. Smaller tips have a higher surface
area relative to the solution volume, and the surface may cause
some changes to the protein conformation prior to droplet
formation. Similar results are obtained when either a single barrel
or both barrels of the theta-glass emitters are used, indicating that

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.5b13081
J. Am. Chem. Soc. 2016, 138, 3453−3460

3456

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b13081/suppl_file/ja5b13081_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b13081/suppl_file/ja5b13081_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b13081


this distribution is not a result of different droplet size
distributions being formed from the different barrels of the
theta-glass emitters. The relative abundance of this distribution
remains nominally constant when the spray potential is varied
between −450 and −1050 V, indicating that this distribution
does not result from the increased electric field resulting from the
smaller tip size. Charging of protein and peptide ions formed by
nanoESI from methanol/water/acid solutions in which proteins
are denatured also increases with decreasing tip size.30,51 This
was attributed to the smaller droplets having high charge
densities. However, formation of high charge density droplets
would not likely result in the bimodal charge state distributions
observed here.
Results obtained for the acidified aMb solution mixed with the

100 mM aqueous ammonium acetate solution at a 1:1 ratio prior
to nanoESI acquired using a ∼305 nm o.d. tip are shown in
Figure 3, panel b. Charge states corresponding to folded (8−
10+) and unfolded (11−19+) conformers are present, and the
folded conformer comprises 36 ± 3% of aMb. There is not a
charge-state distribution corresponding to a highly unfolded
structure, suggesting that if this structure exists, it is not stable at
pH = 4.7. The 8−10+ and 11−19+ charge-state distributions are
narrower than those corresponding to the folded (7−10+) and
unfolded (11−23+) conformers formed with the ∼1465 nm o.d.
tips (Figure 2b), consistent with the charge-state distribution
narrowing observed for the acidified aMb solution in Figure 3,
panel a. The acidified aMb solution and the aqueous ammonium
acetate solution were mixed using theta-glass emitters with∼305
nm o.d. tips (Figure 3c), but no charge states corresponding to
folded structures were apparent given the low signal-to-noise
ratio. On the basis of the noise level, an upper limit to the reaction
time of 2.8 ± 0.6 μs is established.
To more effectively measure reaction times when using the

small tip sizes, a protein that has a shorter folding time constant
than that of the initial collapse of aMb (7 μs) was used. Trp-cage
folds from an open structure to a globular loop structure with a
4.1 μs folding time constant at 22.7 °C.7 Mass spectra of an
acidified aqueous Trp-cage solution (pH = 3.4) obtained using
theta-glass emitters with∼244 and∼1465 nm o.d. tips are shown
in Figure 4, panels a and b, respectively. Both the 2+ and 3+
charge states are formed, and the 3+ is the most abundant in both
spectra, though the average charge state is higher from the ∼244
nm tips (2.98 ± 0.01, Figure 4a) than from the ∼1465 nm tips

(2.83 ± 0.06, Figure 4b). This result is consistent with the
narrower charge-state distributions observed for aMb con-
formers when using the smaller tips. Results acquired for the
acidified Trp-cage solution mixed with a 100 mM aqueous
ammonium acetate solution at a 1:1 ratio prior to nanoESI
(equilibrium; pH = 5.7) using ∼244 and ∼1465 nm o.d. tips are
shown in Figure 4, panels c and d, respectively. The 2+ charge
state is most abundant, consistent with a change from an
unfolded to a folded structure in solution, and the average charge
state of Trp-cage is the same to within error for each tip size (2.22
± 0.07 and 2.23 ± 0.02 in Figure 4c,d, respectively).
The acidified Trp-cage solution was mixed with the

ammonium acetate solution using the theta-glass emitters at
flow rates of 48−913 pL/s. These flow rates were obtained using
various tip sizes and backing pressures. Results from these
experiments are shown in Figure 4, panels e−h in order of
increasing flow rate. The average charge state decreases with
increasing flow rate from 2.81± 0.05 at 48 pL/s to 2.25± 0.00 at
913 pL/s. These results indicate that the extent of folding
occurring in these experiments increases with increasing flow
rate. Because the charge state distribution is not bimodal,
reaction times for these experiments are obtained from the
average charge states (instead of the folded fractions of the
protein) using eq 2:

τ=
−
−

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟t

q q

q q
ln

t

e o

e (2)

which is derived from eq 1 by substituting the average charge
states at equilibrium and times 0 and t (qe, qo, and qt, respectively)
for the relative abundances of the folded protein conformer at
these times. Reaction times obtained using eq 2 and the 4.1 μs
folding time constant of Trp-cage are indicated on the
corresponding mass spectra (Figure 4e−h). The reaction time
increases with increasing flow rate from 1.01± 0.04 μs at 48 pL/s
to 5.3 ± 0.2 μs at 383 pL/s. The 1.0 μs reaction time is
significantly less than the shortest reaction time (8 μs) reported
for a conventional mixer.2 This 1.0 μs reaction time is obtained

Figure 3.Mass spectra of (a) an acidified aqueous aMb solution (pH =
2.9) and the acidified aMb solution mixed with a 100 mM aqueous
ammonium acetate solution (b) at a 1:1 ratio prior to nanoESI
(equilibrium; pH = 4.7) and (c) using the theta-glass emitters. (n)
denotes noise. All data were acquired using ∼305 nm o.d. tips.

Figure 4. Mass spectra of (a,b) an acidified aqueous Trp-cage solution
(pH = 3.4) and (c,d) the acidified Trp-cage solution mixed with a 100
mM aqueous ammonium acetate solution at a 1:1 ratio prior to nanoESI
(equilibrium; pH = 5.7) acquired using (a,c)∼244 and (b,d)∼1465 nm
o.d. tips. Mass spectra of the acidified Trp-cage solution mixed with the
ammonium acetate solution using the theta-glass emitters at flow rates of
(e) 48, (f) 120, (g) 383, and (h) 913 pL/s. (∗) denotes average charge
state.
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using a 48 pL/s flow rate, which is ∼2000-times less than the
∼100 nL/s flow rate used to obtain the 8 μs reaction time using a
conventional mixer. This reaction time is also more than an order
of magnitude less than the shortest reaction time (>13 μs)
reported for a time resolvable mixing experiment coupled with
MS20 and more than two orders of magnitude less than that for a
conventional mixer (200 μs) coupled with MS.3 At a flow rate of
383 pL/s, a reaction time of 5.3 μs is obtained, which is essentially
the same as the 5± 2 and 5.5± 0.9 μs reaction times obtained for
aMb and cyt c, respectively, using this same flow rate. This result
indicates that the average charge state can be used to monitor
protein folding in cases where bimodal charge-state distributions
are not produced. At 913 pL/s, the folding of Trp-cage reaches
equilibrium during nanoESI. Results from laser-induced temper-
ature-jump experiments indicate that Trp-cage folding reaches
equilibrium in about 9−10 μs at 25 °C.7 This result suggests a
lower limit of about 9−10 μs for the reaction time at 913 pL/s,
consistent with the 9± 2 μs reaction time obtained for both aMb
and cyt c using this same flow rate. The 9−10 μs equilibration
time for Trp-cage folding indicates that this reaction would be
near equilibrium within the 8 μs reaction time reported for a
conventional mixer, but results reported here illustrate that this
fast folding reaction can be readily investigated with mass
spectrometry using rapid mixing from theta-glass emitters.
Kinetics of a β-hairpin Formation. β-hairpin formation can

occur quickly. The formation of the β-hairpin structure of a 16
residue peptide (protein G B1, fragment 41−56) at room
temperature, measured using nanosecond laser temperature-
jump experiments, occurs with a time constant of 6 μs.52 Folding
time constants between 0.8 and 20 μs have been estimated for the
formation of similar structures for three different 15−17 residue
peptides based on computer simulations.53 To determine if the
formation of a β-hairpin structure can be monitored using rapid
mixing from theta-glass emitters, the folding of renin substrate
tetradecapeptide (RST) was investigated. RST is a 14 residue
peptide that adopts a β-hairpin structure in aqueous solutions
between pH = 4.0 and 6.0 and is unfolded between pH = 2.5 and
3.6.54 The rate at which RST folds from an unfolded structure to
the β-hairpin structure has not been previously measured. To
measure this rate, acid denatured RST is mixed with aqueous
ammonium acetate to induce folding using the theta-glass
emitters at various reaction times. Mass spectra of an acidified
aqueous RST solution (pH = 2.9) obtained using theta-glass
emitters with ∼244 and ∼1465 nm o.d. tips are shown in Figure
5, panels a and b, respectively. Only the 3+ charge state is formed
when the smaller ∼244 nm tips are used (Figure 5a), but the 2+
charge state is also present at low abundance with the larger
∼1465 nm tips (Figure 5b, average charge state =2.89 ± 0.03).
These results are consistent with the narrower charge state
distributions observed for aMb and Trp-cage conformers when
the smaller tips are used. Results from mixing the acidified RST
solution with a 100mM aqueous ammonium acetate solution at a
1:1 ratio prior to nanoESI (equilibrium; pH = 4.7) obtained
using∼244 and∼1465 nm o.d. tips are shown in Figure 5, panels
c and d, respectively. The 2+ charge state is predominantly
formed (>93% of RST), resulting in an average charge state of
2.06± 0.00 and 2.04± 0.01 for the∼244 and∼1465 nm o.d. tips,
respectively. The change in charge state from predominantly a 3+
(Figure 5a,b) to predominantly a 2+ (Figure 5c,d) is consistent
with a change from an unfolded to a folded structure in solution.
Results from mixing the acidified RST solution with the

ammonium acetate solution using the theta-glass emitters with
flow rates that result in reaction times of between 1.0 and 9.1 μs

(average of values obtained for aMb, cyt c, and Trp-cage) are
shown in Figure 5, panels e−h in order of increasing reaction
time. The average charge state decreases with increasing reaction
time from 2.62 ± 0.04 at 1.0 μs to 2.04 ± 0.01 at 9.1 μs. For
reaction times of 1.0−5.3 μs (Figures 5e−g), the average charge
state of RST is higher than that resulting from the premixed
solution at equilibrium (Figure 5c,d), but at 9.1 μs (Figure 5h),
the average charge state is the same as that resulting from the
premixed solution at equilibrium. These results indicate that the
folding of RST does not reach equilibrium within ≤5.3 μs but
does reach equilibrium within 9.1 μs. The folding time constant
for the formation of the β-hairpin structure is obtained from the
rapid mixing data at short times (Figure 5e−g) using eq 2.
Folding time constants of 2.0 ± 0.3, 2.3 ± 0.2, and 2.2 ± 0.2 μs
are obtained at reaction times of 1.0, 3.0, and 5.3 μs, respectively.
These values are the same to within error, and the average value is
2.2 ± 0.3 μs. These results indicate that RST folds from an
unfolded structure to a β-hairpin structure within a few μs. To the
best of our knowledge, this is the fastest folding event that has
been directly monitored using a rapid mixing technique. These
results indicate that fast folding events that occur on the low μs
time scale can be readily investigated using rapid mixing from
theta-glass emitters with mass spectrometry detection.

Reaction Temperature. Protein conformation and folding
time constants depend on temperature.7,41 Temperature
regulated ESI capillaries have been used to measure the thermal
stabilities of folded forms of proteins at equilibrium34,55−58 as
well as to investigate protein complexation59 and aggregation57

as a function of temperature. Thermal unfolding midpoint
temperatures and association constants have been obtained using
temperature regulated ESI capillaries that are the same as those
obtained using traditional solution-phase techniques such as
fluorescence spectroscopy,55,56 isothermal titration calorime-
try,59 and differential scanning calorimetry.57 These results
suggest that the temperature of the ESI droplets reflects that of
the original solution. To obtain information about the droplet
temperature in our rapid mixing experiments, the fraction of Trp-
cage that is unfolded as a function of temperature was measured
using temperature regulated ESI capillaries.34 Mass spectra of the

Figure 5.Mass spectra of (a,b) an acidified aqueous RST solution (pH =
2.9) and (c,d) the acidified RST solution mixed with a 100 mM aqueous
ammonium acetate solution at a 1:1 ratio prior to nanoESI (equilibrium;
pH = 4.7) acquired using (a,c)∼244 and (b,d)∼1465 nm o.d. tips. Mass
spectra of the acidified RST solution mixed with the ammonium acetate
solution using the theta-glass emitters with flow rates that result in
reaction times of (e) 1.0, (f) 3.0, (g) 5.3, and (h) 9.1 μs. (∗) denotes
average charge state.
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acidified Trp-cage solution mixed with the ammonium acetate
solution at a 1:1 ratio prior to nanoESI (equilibrium; pH = 5.7)
acquired at capillary temperatures of 25, 45, and 65 °C are shown
in Figure 6, panel a. The relative abundance of the 3+ charge state

increases with increasing solution temperature, consistent with
thermal denaturation of Trp-cage in solution prior to nanoESI.
The relative ion abundances in a bimodal charge-state

distribution directly reflect the populations of folded and
unfolded structures. In cases where a bimodal charge-state
distribution is not formed, information about folding is deduced
from changes in the average charge state, but the abundances of
the folded and unfolded populations are not obtained. The
charge-state distribution of Trp-cage is not bimodal. Thus, it is
not possible to obtain the abundances of the folded and unfolded
forms of Trp-cage from these temperature-dependent experi-
ments alone. This information can be obtained from the average
charge state by comparing our results to those measured in
solution using more conventional structural methods. The
fraction of Trp-cage that is unfolded at 25 °C is 28% in aqueous
buffer solutions.7 If the solution temperature and the droplet
temperature are similar, our results measured at 25 °C (Figure
6a) indicate that a 28% unfolded population corresponds to an
average charge state of 2.21 ± 0.06. If Trp-cage is fully unfolded
at pH = 3.4, then the fully unfolded form has an average charge
state of 2.83 ± 0.06 (Figure 4b). Assuming that the average
charge state is a linear superposition of the charge states
corresponding to the folded and unfolded conformers, the
temperature dependent charge-state distributions in Figure 6,
panel a can be used to obtain the relative abundances of these two
conformers in these experiments. The average charge state (left
axis) and the resulting fraction unfolded (right axis) of Trp-cage
as a function of temperature are shown in Figure 6, panel b. The
fraction of Trp-cage that is unfolded increases from 34% at 30 °C
to 77% at 65 °C. The fraction of Trp-cage that is unfolded at 30
and 65 °C measured in solution previously is 35% and 80%,
respectively.7 All of the data measured in solution7 and the data
obtained using the average charge states reported here are the
same to within 4% over this temperature range. The Trp-cage
data were obtained using a flow rate that results in a 9.1 μs
reaction time. Thus, Trp-cage could fold or unfold if the droplet
temperature was significantly lower or higher, respectively, than
the initial solution temperature. The close agreement between
the extent of unfolding observed in our temperature-dependent

theta-glass emitter experiments and those measured in solution
using conventional structural methods indicates that the droplet
temperature is similar to the temperature of the initial solution
and that any changes in the droplet temperature that may occur
do not significantly affect folding time constants measured using
our rapid mixing technique at room temperature.

■ CONCLUSIONS

Rapid mixing of two solutions to measure reaction times as short
as 1.0 μs is demonstrated using theta-glass emitters combined
withMS detection. Reaction times were measured bymonitoring
the pH induced folding of three proteins with folding time
constants ranging from 4.1−57 μs. The extent of folding that
occurs in these experiments depends on the initial droplet size,
which was controlled by varying the solution flow rate from 48−
2880 pL/s, resulting in reaction times of between 1.0 and 22 μs.
The reaction times obtained for all three proteins at the same
flow rates are nearly identical, indicating that reaction times can
be accurately obtained from these protein folding measurements.
These reaction times are upper limits to the lifetimes of the ESI
droplets because some product formation likely occurs in the
Taylor cone prior to droplet formation.21,22 The shortest
reaction time (1 μs) achieved in these experiments is significantly
shorter than that achieved using conventional mixers (8 μs).2

This 1.0 μs reaction time is obtained using a 48 pL/s flow rate,
which is 2000-fold less than the flow rate used to obtain the 8 μs
reaction time using a conventional mixer (∼100 nL/s),
demonstrating that substantially less sample is required to
perform these fast mixing experiments.
A folding time constant of 2.2 μs for the formation of the β-

hairpin structure of RST was measured using rapid mixing with
theta-glass emitters. This is the fastest folding event that has been
directly monitored using a rapid mixing technique. Results from
this experiment demonstrate that fast folding events that occur in
as fast as a few microseconds can be readily investigated using
rapid mixing from theta-glass emitters. Rapid mixing from theta-
glass emitters also has the advantage of high chemical specificity
and sensitivity provided by theMS detection, which should make
it possible to measure complex reactions with multiple reaction
products. This capability should make these devices generally
applicable to measuring kinetic parameters for a diverse range of
fast reactions. By using unimolecular reaction processes, such as
protein folding, to establish reaction times at different flow rates,
quantitative information about enhanced reaction rates for
bimolecular or more complex reactions as a result of droplet
evaporation60 and droplet surface effects could be obtained.
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average charge state (left axis) and fraction unfolded (Xunf, right axis) of
Trp-cage resulting from this solution as a function of the capillary
temperature.
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