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The conformation of cytochrome ¢ molecules within electrospray droplets is investigated by
monitoring the laser induced fluorescence of its single tryptophan residue (Trp-59). By
increasing the alcohol concentration of the electrosprayed solutions, protein denaturation is
induced, giving rise to significant changes in the intensity of the detected fluorescence.
Comparison with analogous denaturation experiments in solution provides information about
the relative protein conformations and differences between the bulk-solution and droplet
environments. Both electrospray-plume and bulk-solution fluorescence measurements using
low methanol concentration solutions indicate the presence of folded protein structures. At
high methanol content, fluorescence measurements are consistent with the presence of partly
denatured or unfolded conformations. At intermediate methanol content, differences are
observed between the extent of denaturation in solution and that within the droplets,
suggesting electrosprayed proteins have more compact structures than those detected in bulk
measurements using solutions of similar composition. This infers that some fraction of the
proteins within the droplets have refolded relative to their bulk-solution conformation. Protein
denaturation experiments using the low vapor pressure solvent 1-propanol indicate that
differences between the droplet and solution measurements are not due to solvent evaporation
effects. It is suggested that different droplet conformations are more likely the result of protein
diffusion to the droplet surface and effects of the droplet/air interface. To our knowledge,
these are the first reported measurements of protein fluorescence within electrospray droplets
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of electrospray ionization (ESI) [1] and matrix-

assisted laser desorption ionization (MALDI) [2]
has extended the field of mass spectrometry to the
study of the structure and conformation of gas-phase
biomolecules. In addition to being routinely used to
obtain the molecular weight of intact protein and oligo-
nucleotide ions, electrospray ionization mass spectro-
metry is also widely used for the investigation of
non-covalent interactions present in solution, such as
those between protein-ligand pairs [3], protein-DNA
complexes [4], and double-stranded oligonucleotide
ions [5], among many others. In addition, it has been
demonstrated that electrospray ionization can be used
to produce extensively solvated gas-phase biomolecules
[6], opening the door for the study of the protein
solvation process one water molecule at a time. How-
ever, the relationship between the chemistry of an
analyte in solution and its gas-phase behavior, as re-
flected by its abundance in the electrospray-generated
mass spectra and its gas-phase reactivity, has not been
completely elucidated.

T he development of the soft ionization techniques
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Previous studies have provided evidence indicating
that noncovalent interactions present in solution can in
fact be preserved through the electrospray process, and
that the mass spectral ion intensities are a reflection of
the abundance of such ions in solution. For example,
Henion and coworkers [7] used ion spray mass spectral
ion intensities to determine the equilibrium dissociation
constants (Kp) for complexes between some vancomy-
cin group antibiotics and cell-wall peptide ligands.
Good agreement with solution Ky, values was reported,
indicating that the affinity observed in solution is
preserved in the gas-phase complexes. Electrospray
mass spectral studies by Chait and coworkers [8] of
aqueous cytochrome c solutions showed significant
differences in the protein charge state distributions as a
function of pH, suggesting a direct correlation between
solution and gas-phase conformations. However, there
is also experimental evidence supporting the lack of a
direct relationship between the ions present in the gas
phase and the initial solution conditions. Wang and
Cole [9] used the small peptides gramicidin S and
bradykinin as test compounds in order to examine the
effect of solution pH in their electrospray charge state
distributions. The authors observed that significant pH
changes in solution only lead to relatively minor
changes in the distribution of singly and doubly pro-
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tonated gas-phase ions for these peptides. Discrepan-
cies between solution equilibria and gas-phase charge
state distributions indicated the electrospray ionization
(ESI) mass spectrum obtained is far from reflecting
solution-phase conditions. Clearly, studying the nature
and origin of these similarities and discrepancies is
desirable in order to obtain a better understanding of
the electrospray process and its effect on the properties
of solution analytes.

Spectroscopic measurements can help to investigate
the conformation and structural changes that biomol-
ecules undergo during their transfer from solution to
the gas phase via electrospray ionization. At the same
time, such studies may also bring a better understand-
ing of the ESI process itself and its effect on solution
species. Konermann and Douglas [10] studied the acid-
induced denaturation of cytochrome c using circular
dichroism, absorption, and fluorescence solution mea-
surements in combination with electrospray ionization
experiments in order to investigate the relationship
between the solution protein conformation and charge
state distributions observed in the ESI mass spectra. The
authors concluded that the charge state distribution
generated during ESI was not sensitive to changes in
the secondary structure, but related to the breakdown
of the protein tertiary structure. Recently, Van Berkel
and co-workers [11] measured the fluorescence excita-
tion spectra of the analyte octaethylporphyrin in the
electrospray stream. The authors found good correla-
tion between the excitation fluorescence spectra and
absorption measurements in solution, but not with the
ions detected in the mass spectrum. The mass spectral
discrepancies were attributed to gas-phase reactions
occurring late in the electrospray process. More re-
cently, Cook and coworkers [12] determined the pH of
electrospray droplets by monitoring the fluorescence of
a pH-sensitive chromophore within the spray stream.
Results demonstrate that for unbuffered solutions, both
positive and negative electrospray operating modes
result in slight but noticeable spectral changes, indicat-
ing pH changes within the spray droplets, ApH = 1.

Efforts in our laboratory [13] have recently been
directed toward using fluorescence spectroscopy mea-
surements to investigate the effects that the electrospray
process may have on the structure and conformation of
peptides and proteins. In this work, the fluorescence of
the protein horse heart cytochrome ¢ during electro-
spray is investigated and compared with analogous
fluorescence measurements in solution. Horse heart
cytochrome c is a 104-amino acid protein containing a
single tryptophan residue on position 59 and a heme
group that is covalently linked to cysteine residues on
position 14 and 17 [14]. In its native conformation, the
indole side chain of Trp-59 is hydrogen bonded to one
of the propionate groups of the heme. The proximity of
these two residues results in the quenching of the
tryptophan fluorescence via resonance energy transfer
to the heme. However, as the protein unfolds, the
effective distance between Trp-59 and the heme group
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increases and a subsequent increase in the fluorescence
of Trp results. This characteristic has made of cyto-
chrome ¢ a commonly used probe for protein folding
studies using fluorescence emission spectroscopy [15].
By varying the amount of alcohol in the electrosprayed
solutions, protein denaturation is induced and the re-
sulting conformational changes are studied by monitor-
ing the fluorescence intensity of Trp-59. It is not our
purpose to measure specific denaturation parameters,
but to use the protein intrinsic fluorescence as a probe
for differences between the electrospray and bulk-
solution environments under similar denaturation con-
ditions. This understanding will be essential for the
interpretation of future fluorescence measurements of
trapped protein ions generated by electrospray ioniza-
tion.

Experimental
Fluorescence Spectroscopy

A schematic of the experimental setup is shown in
Figure 1 . Fluorescence experiments are performed
using radiation at 266 nm obtained from the fourth
harmonic of a Nd:YAG laser. This light source produces
pulses of 20 nanoseconds duration at a repetition rate of
10 Hz. Following a series of optical elements which set
the laser intensity and beam diameter, the UV light
beam is split into two beams, A and B, to be used for the
electrospray and solution experiments, respectively.
The experimental setup is designed so that both elec-
trospray and solution fluorescence emission experi-
ments could be performed using the same detection
assembly. The incident laser light is directed into the
analysis box C (see Figure 1) in which either the
electrospray mounting or the solution cuvette is lo-
cated. The laser alignment and focusing conditions
resulted in an excitation laser beam diameter of ~1 mm
for solution experiments and of ~2 mm for electro-
spray. The fluorescence emitted is collected at a 90°
angle from the incident light, and focused into the
entrance slit of a 0.5 m spectrometer (SpectraPro 500,
Acton Research Corporation, Acton, MA). All the spec-
tra presented in this work were acquired using a 1200
grooves/mm grating (blaze wavelength = 300 nm) at a
scanning rate of 50 nm/minute over the range of
275-525 nm. The fluorescence is detected at the spec-
trometer exit by a photomultiplier tube (PMT) (Model
R1463, Hamamatsu, Toyooka Vill,, Japan). For bulk-
solution fluorescence experiments, the entrance and exit
slits of the spectrometer were opened to 0.5 mm and the
PMT voltage was —700 V. For electrospray fluorescence
experiments, the slits were opened to 1.5 mm with the
PMT operating at —1000 V. These detection parameters
provided a resolution of 0.8 and 2.5 nm for bulk-
solution and electrospray measurements, respectively.
The output signal, which was simultaneously moni-
tored by an oscilloscope (Model 7104, Tektronix, Pitts-
field, MA), was amplified and then analyzed by a
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Figure 1. Schematic of the instrumental set up used for measurements of the solution and

electrospray fluorescence emission spectra. A and B represent laser beams used for electrospray and
bulk-solution measurements, respectively. C represents position of sample box containing the

electrospray plume and cuvette setups.

boxcar integrator (Stanford Research Systems, Model
5580). In order to take into account pulse-to-pulse laser
fluctuations, the fluorescence output signal was divided
by a signal obtained from the incident laser pulse and
the resulting fluorescence spectra collected and stored
using LabView software (National Instruments, Austin,
TX). Final spectra collected are plots of boxcar integra-
tor output (last 30 samples averaged) as a function of
wavelength.

The analyte fluorescence can be monitored either by
measuring it at a specific wavelength (340 nm) or by
integrating the collected spectrum over the 285-450 nm
window, obtaining a value for the total fluorescence
emitted. Unless otherwise noted, fluorescence values
reported in this work were obtained using the latter
integration method. Further data analysis included sub-
traction of background fluorescence and correction for
the combined spectrometer and detector wavelength
response.

Sample Preparation

Horse heart cytochrome ¢ was obtained from Sigma
Chemical Co. (St. Louis, MO) and used without further
purification. Stock solutions of the protein were pre-
pared using deionized water. For alcohol denaturation

experiments, aliquots of the stock solutions were di-
luted with spectral-grade methanol (Fisher, Pittsburgh,
PA) or 1-propanol (Fisher) to obtain solutions with
different alcohol content. Analyte concentrations were
not determined spectrophotometrically. The pH of the
solutions was adjusted to pH = 4 using acetic acid
(Fisher). All pH measurements were performed using a
PerpHecT LogR pH meter (Orion Research, Inc., Bev-
erly, MA) and a semi-micro combination pH electrode
(Orion Research, Inc.). Reported pH values are not
corrected for methanol.

Electrospray Measurements

Solutions were delivered to the electrospray needle, or
emitter, through a fused silica capillary line (100 wm
i.d.) at a flow rate of 2 uL/min using a syringe pump
(Harvard Apparatus, Holliston, MA). A stainless steel
zero-dead-volume capillary mini-union (Scientific In-
strument Services, Ringoes, NJ) provided electrical con-
tact between the solution and the Al-clad fused silica
capillary tubing (Scientific Instrument Services) em-
ployed as the electrospray needle (100 um i.d.). The
electric field necessary for electrospray was obtained by
applying a high voltage (2.2-3.8 kV) to the capillary
mini-union. The ESI plume of positively charged drop-
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lets is aligned horizontally between the needle and the
1 cm diameter stainless steel counter-electrode, posi-
tioned 8 mm downstream and kept at ground potential
(Figure 1, lower inset). The electrospray needle and
counter-electrode are mounted on a common platform
that can be adjusted relative to the laser beam using a
miniature xy translation stage (Newport Corporation,
Irvine, CA). The electrospray is intersected vertically
(parallel to the spectrometer slits) by the laser light with
the center of the laser beam positioned 3 mm from the
needle tip. Overlap of the electrospray plume and the
laser beam diameter results in a sampling volume of
approximately 12 mm?. Background fluorescence spec-
tra were acquired by electrospraying the solvent solu-
tions (without the fluorescent analyte) under similar
operating conditions.

Solution Measurements

A 10 mm path length quartz cuvette (Wilmad Glass
Company, Inc., Buena, NJ) was used to measure both
the bulk-solution fluorescence spectra of the analytes
and the corresponding solvent background fluores-
cence. The incident 266 nm laser beam enters the
analysis box C (Figure 1) through a side panel aperture
and intersects the solution sample horizontally (perpen-
dicular to spectrometer slits). The fluorescence emitted
is collected at a 90° angle using the same spectrometer/
detection assembly as in the electrospray experiments.

Results and Discussion

Fluorescence Dependence on Analyte
Concentration and Laser Intensity

The dependence of the bulk-solution and electrospray
fluorescence on both analyte concentration and incident
laser power was investigated in order to determine the
appropriate experimental conditions to avoid aggrega-
tion and/or photodegradation effects during the dena-
turation experiments. For the concentration depen-
dence experiments, solutions of cytochrome c (20:80
H,0/MeOH; pH = 4) were prepared at various con-
centrations and the electrospray and solution fluores-
cence spectra were measured. High MeOH solutions
were used to insure mostly unfolded and fluorescent
proteins were probed. The range of concentrations
investigated varied between 107¢ and 10™* M for elec-
trospray measurements and between 10~ and 10> M
for bulk measurements. Figure 2 a, b show graphs of
fluorescence as a function of cytochrome c concentra-
tion obtained from solution and electrospray measure-
ments, respectively. Fluorescence values and error bars
reported were obtained by monitoring the protein emis-
sion at 340 nm during 1 minute. For each solution, a
total of 600 single-shot measurements were collected at
the indicated wavelength, and the corresponding error
bars represent one standard deviation from the average
values. Concentration dependence experiments in solu-

PROTEIN FLUORESCENCE WITHIN ES DROPLETS 719

] ()

-

N

(=}
|

Solution Fluorescence (340 nm)
8
1l

0 10 20 30 40
[Cytochrome ¢] (M)

TS N

Electrospray Fluorescence (340 nm)
(]

3.3x10°M

4]
2

1=
0_

RARASBASAS saTaRaRas sanazaanay Sap R S

0 20 40 60 80 100x10°®

[Cytochrome c] (M)

Figure 2. Dependence of cytochrome ¢ fluorescence (monitored
at 340 nm) on concentration for (a) bulk solution and (b) electro-
spray experiments. Data obtained using 20:80 H,O/MeOH solu-
tions of the protein at pH = 4. Laser powers used were 16
kW/cm? and 1.2 MW/em? for solution and electrospray experi-
ments, respectively.

tion indicate a linear response region extending up to
about 1.0 X 107> M for cytochrome c. For the electros-
pray experiments, linearity was observed up to a cyto-
chrome ¢ concentration of about 3.3 X 107° M. At
higher protein concentrations, deviation from linearity
and a decrease in fluorescence was observed, consistent
with the expected aggregation and/or inner-filter ef-
fects [16]. Therefore, to have sufficient signal-to-noise
ratio (5/N) but to avoid any concentration effects,
protein concentrations of 3 X 107> and 3 X 107° M
were used for the electrospray and solution denatur-
ation experiments, respectively.

The dependence of solution and electrospray fluo-
rescence on incident laser power was also investigated
in order to determine the appropriate conditions to
avoid photodegradation of the samples and detector
saturation. Two cytochrome c solutions were prepared
using a 20:80 H,O/MeOH solvent ratio, in order to
obtain mostly denatured and fluorescent proteins, and
their pH was adjusted to 4. For solution and spray
measurements, the protein concentration was approxi-
mately 5 X 107° and 5 X 107° M, respectively. For the
spray measurements, the use of a cytochrome ¢ concen-
tration slightly higher than the upper limit obtained
from concentration dependence experiments is not ex-
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pected to affect the results significantly. Under the
instrumental conditions used, the peak laser intensity
was varied between 16 and 100 kW/cm? for solution
experiments, and between 0.3 and 1.6 MW/ cm? for
electrospray measurements. The cytochrome ¢ fluores-
cence response was found to be linear over the entire
range of laser intensities for both solution and spray
experiments, indicating the absence of photodegrada-
tion or saturation effects for this protein. Final fluores-
cence experiments were performed using incident peak
laser intensities of 20 kW/cm? (3 pJ/pulse) and 0.9
MW /cm? (0.6 mJ/pulse) for solution and electrospray
denaturation measurements, respectively.

Alcohol Denaturation of Cytochrome c

Changes in the cytochrome c¢ conformation were in-
duced by using increasing amounts of alcohol as co-
solvent, and monitored by measuring the total emitted
fluorescence. The addition of an organic co-solvent, like
methanol, to a native-protein solution results in the
unfolding or denaturation of the protein [15d,e]. Figure
3 shows the (a) electrospray and (b) bulk-solution
fluorescence emission spectra obtained for cytochrome
¢ in different H,O/MeOH solutions. At low alcohol
content, protein fluorescence is not detected, indicating
that cytochrome ¢ molecules within the droplets as well
as in solution are in a compact or folded conformation.
At high methanol content, a significant increase in the
protein fluorescence is detected and the characteristic
fluorescence spectra are observed.

By measuring the extent of protein fluorescence at a
constant position within the electrospray plume for
solutions of different solvent composition, the denatur-
ation process can be followed. Figure 4 shows plots of
total cytochrome ¢ fluorescence as a function of meth-
anol obtained from measurements in bulk solution
(open circles, solid line) and within the electrospray
plume (filled circles, dashed line). The error bars re-
ported represent 2 times the standard deviation values,
which were calculated from multiple total fluorescence
measurements using each protein solution. The electro-
spray data have been scaled by multiplying by a factor
of 5 (filled circles, solid line) in order to allow an
appropriate comparison with the solution denaturation
curve. The choice of a multiplying factor is arbitrary
and it is only meant to approximate normalization.
Error bars have been scaled appropriately. For droplet
measurements, no fluorescence is detected for solutions
containing 45% MeOH or less, indicating the proteins
must be in a folded conformation within the electro-
spray droplets. As the fraction of MeOH is increased, a
slow but steady increase in the protein fluorescence is
detected, reaching a maximum fluorescence at 90%
MeOH. Solutions of higher methanol content were
avoided due to protein insolubility. The increase in
electrospray protein fluorescence at high MeOH content
is consistent with the presence of unfolded or partially
denatured proteins within the electrospray droplets.
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Figure 3. Fluorescence emission spectra obtained from (a) elec-
trospray and (b) solution measurements of cytochrome c samples
at high and low percentages of methanol. The protein concentra-
tion is ~3 X 107° M for electrospray measurements and ~3 X
10~° M for solution. The pH was adjusted to 4.

Comparison of electrospray and solution experi-
ments reveals one distinctive feature: the cytochrome c
denaturation curve obtained from bulk solution differs
from that obtained from droplet measurements. This
difference was reproduced in repeated experiments
comparing solution and droplet fluorescence. For bulk-
solution measurements, no fluorescence is detected at
low methanol content (= 40% MeOH) indicating, as for
droplet experiments, folded protein conformations. The
onset of fluorescence, which indicates the initiation of
the unfolding process, occurs around 40% MeOH for
solution. At higher alcohol content, however, differ-
ences between droplet and solution measurements are
significant. The solution results show a sharp increase
in fluorescence intensity between 40 and 60% methanol,
after which the protein fluorescence plateaus. Such a
sharp increase is not observed during the droplet mea-
surements. On the contrary, the increase in fluorescence



J Am Soc Mass Spectrom 2001, 12, 716-725

3500

3000 )
Solution
2500
2000
1500

1000

Total Fluorescence

JUNPE SLELE )
500 R 2

Electrospray

-

NS RIERERI RNRRE AN AR NN ANER1 |

[ I T T T I I I !
10 20 30 40 50 60 70 80 90

% Methanol (v/v)

Figure 4. Plots of total cytochrome ¢ fluorescence (285-450 nm)
as a function of methanol concentration obtained from solution
(open circles, solid line) and electrospray (filled circles, dashed
line) experiments. The electrospray data have been scaled by a
factor of 5 (filled circles, solid line) for comparison.

intensity with methanol during electrospray measure-
ments appears to be reduced, with the highest fluores-
cence intensity recorded at 90% methanol. Differences
in the relative extent of fluorescence for similar H,O/
MeOH ratios suggest different droplet and solution
protein conformations. Moreover, fluorescence mea-
surements appear to indicate proteins within the drop-
lets have refolded to more compact conformations than
those present in solutions of similar composition. Such
a change in conformation could be the result of protein
exposure to different environments in the droplet and
in solution. Here we consider two factors that could
affect the extent of protein fluorescence within electro-
spray droplets: solvent evaporation and droplet surface
effects.

Solvent Evaporation. The effect of evaporation on a
heterogeneous droplet (composed of more than one
solvent) is expected to result in the faster evaporation of
that solvent with the higher vapor pressure and an
enrichment in the less volatile one. Zhou and Cook have
recently investigated the extent of solvent evaporation
and fractionation within spray droplets [17]. Their
experiments on acetone/water, acetonitrile/water, and
acetone/ethylene glycol droplets indicate a gradual
enrichment of the less volatile solvent along both the
axial and lateral profiles of the spray. For the H,O/
MeOH solutions used in our experiments, methanol is
the component with the higher vapor pressure [at 25 °C:
Piapor (MeOH) = 126.8 Torr and P, (HO) = 23.8
Torr ] [18]. This would result in a lower methanol
fraction in the droplets than in the original solutions.
This could explain the need for even higher methanol
content (lower H,O) within the droplets in order to
observe a similar extent of unfolding as in solution. In
order to further investigate and evaluate the role of
solvent evaporation in droplet fluorescence measure-
ments, the denaturation of cytochrome c¢ by propyl
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Figure 5. Plots of total cytochrome ¢ fluorescence (285-450 nm)
as a function of 1-propanol concentration obtained from solution
(open circles, solid line) and electrospray (filled circles, dashed
line) experiments. The electrospray data have been scaled by a
factor of 4.5 (filled circles, solid line) for comparison.

alcohol (1-propanol or 1-PrOH) was also investigated.
This alcohol denaturant was selected because its vapor
pressure is similar, in fact slightly lower [Py ,,0, (1-
PrOH) = 20.7 Torr at 25 °C] [18], than that of water.
Therefore, solvent evaporation would be significantly
reduced for H,O/1-PrOH than for H,0/MeOH drop-
lets. Figure 5 shows 1-PrOH denaturation curves ob-
tained from cytochrome c fluorescence measurements
in solution (open circles, solid line) and within the
electrospray plume (filled circles, dashed line). Error
bars represent two times the standard deviation values
obtained from multiple total fluorescence measure-
ments using each protein solution. Similar to the MeOH
experiments, the electrospray data have been scaled by
multiplying by a factor of 4.5 (filled circles, solid line) in
order to illustrate a reasonable comparison with the
solution denaturation curve. The solvent compositions
investigated ranged from 0 to 80% 1-PrOH for solution
experiments, and between 10 and 80% 1-PrOH for
electrospray. Solutions containing more than 80%
1-PrOH were avoided due to protein insolubility. The
onset of protein unfolding is observed around 20 and
25% 1-PrOH for solution and electrospray experiments,
respectively. These are lower percentages than those
needed to trigger methanol denaturation in cytochrome
¢, consistent with 1-PrOH being a better denaturant
[19]. It is noted, however, that the electrospray denatur-
ation curve is still displaced to higher percentages of
1-PrOH relative to solution, similar to results from
electrospray methanol-denaturation experiments. For
example, while a maximum in bulk-solution fluores-
cence intensity is already observed around 35%
1-PrOH, maximum fluorescence in droplets is only
approached for solution containing 60 to 70% 1-PrOH.
These results indicate that discrepancies between solu-
tion and electrospray denaturation curves as a function
of alcohol content are not strongly correlated with
solvent evaporation from the droplets.
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In the following analysis, the extent of solvent evap-
oration from droplets of mixed composition is esti-
mated. To determine the degree of evaporation that has
occurred within the time window available for droplets
to propagate to the sampling position (3 mm from the
electrospray needle), it is necessary to estimate the
droplet diameter and also the propagation time. The
average primary droplet diameter [20,21] under our
spray conditions is ~3-4 um and decreases slightly
(~12%) over the alcohol range of 20-80%. For the
concentrations used (~3 X 1075 M), these diameters
yield charge densities greatly in excess of the Rayleigh
limit. In this case, fission will occur immediately, result-
ing in the rapid formation of droplets having diameters
of <1 um which essentially contain all the charge. This
conclusion follows from a calculation of asymmetric
fission based on the measurements of Gomez and Tang
[20a]. The following calculation estimates the time it
takes for a 1 um diameter droplet to propagate along
the axial z direction to the excitation position.

The droplet axial velocity is determined by the
droplet mobility in air and the electrostatic field. A “far
field” approximation (z >> r.) for the axial field, E,,
is derived from ref 20b as a function of the axial
distance z,

E - D, 2z, 1
= <4zo) z(2z, — z) M
In

r

c

where ®, = 3 kV is the voltage applied across a dis-
tance of z, = 8 mm between the needle tip and the
ground counter-electrode, and 2r, = 335 um is the
outer diameter of the electrospray needle. The mobility
of a 1 um diameter droplet in air is estimated from ref
22 to be p, ~1 cm?/V's. The droplet charge was
calculated for ~3 Xx 107> M solutions assuming an
average charge state of <z> = 10 for cytochrome c in a
pH = 4 solution [10] and that most of the excess charge
resides on the protein. Changes in average charge state
might occur as a function of methanol concentration,
but they are not considered in these estimates. The
propagation time over a distance z; is given by the
integral [21c]

A dz @
70 poE.(2)
which yields a propagation time of t,,,, = 60 us for a

droplet to travel from the needle tip to the excitation
laser position at z; = 3 mm.

To consider the degree to which the MeOH fraction
may vary, it was assumed that the MeOH was evapo-
rating uniformly from the droplet surface area. The
droplet mass loss rate and change in volume fraction
were estimated as follows. The MeOH volume fraction,
Pyreons can be expressed by
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Vi Ve — AV
Pyeon =<7 = V. —Av ®)
where V,, is the MeOH volume, V is the droplet
volume, V, and V_, are the droplet and MeOH volume
in the absence of evaporation, respectively. The change
in droplet volume, AV, is essentially the change in
methanol volume fraction, AV,,, since the water contri-
bution AV, ~ 0 for t,.,, = 60 us. The rate of volume
change for a droplet of radius r is related to the mass
loss rate due to evaporation by p_ (dV/dt) = (dm/dt),,
where p,, is the methanol density and t,,,, is defined
above. Using the mass loss rate given in ref 21a for a
droplet of initial volume V,, = 4mr3/3, the change in
droplet volume is given by

3
AV = (V, = V) = V0{1 - (1 - —Bt”"’”> } (4)

rD

The coefficient B, determining the rate of change in
droplet radius, is proportional to the methanol vapor
pressure. For a pure methanol droplet, B = B, = 1.2 X
1073 um/ us [21a]. The evaporation rate at the surface of
a droplet, which is composed of a mixture of solvents, is
determined by the rate solvent molecules can diffuse to
the surface assuming that desorption is not rate limit-
ing. Since the equilibrium methanol vapor pressure is a
factor of ~5 greater than water, it is sufficient to
consider that evaporation from the H,O/MeOH drop-
lets results in loss of only the methanol fraction. In this
case, the methanol vapor pressure is determined by an
evaporation rate which is proportional to M,,/m,
where M,, is the methanol molarity and 7, the charac-
teristic time for methanol diffusion to the droplet sur-
face, 1, a 1/D. The self diffusion of methanol within a
H,0O/MeOH droplet depends on a diffusion constant, D
[23], approximated by

o kT
a C(anm + Mwnw)

)

where M,, (M,) is the molarity and m,, (n,) is the
viscosity of methanol (water) and c is a constant.
Defining the methanol vapor pressure for a hetero-
geneous droplet, p, in terms of the methanol vapor
pressure for a pure methanol droplet, p,, we have

_ { anm } (6)
P=Pe anm + Mwnw

and

Mﬂ’lnﬂ’l } (7)

b= B”{an + My

This expression for B is used to calculate the change in
droplet volume using eq 4 and finally the methanol
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Figure 6. Cytochrome c droplet fluorescence curve obtained after

correction for MeOH evaporation (filled circles, solid line). Also
shown for comparison are the original bulk-solution and the
scaled electrospray data (dashed lines).

volume fraction using eq 3 for a droplet of initial radius
r, = 0.5 pm and t,,,, = 60 ps. The cytochrome c fluo-
rescence data obtained from droplet experiments can be
corrected and the methanol fraction can be scaled in
order to reflect droplet rather than solution composi-
tion. The result of this re-scaling is shown in Figure 6 .
As observed, the discrepancy between the spray and
solution measurements is not resolved by this re-scal-
ing.

It must be noted that changes in the MeOH fraction
might give rise to variations in chromophore number
density within the laser excitation volume. We are
unable to quantitatively determine the extent and/or
effect of such possible variations. Therefore, it is as-
sumed that the electrospray denaturation curves ob-
served are predominantly the result of protein confor-
mational changes as a function of solvent composition.

Droplet Surface Effects. The droplet/air interface of an
electrospray droplet could provide a significantly dif-
ferent environment in which the protein could refold
adequately to affect the extent of protein fluorescence.
In this section we estimate the extent of protein diffu-
sion to the droplet surface and suggest how protein
adsorption at this interface could lead to changes in the
fluorescence emission. In these measurements of pro-
tein fluorescence spectra, achieving an adequate signal-
to-noise ratio (S/N) required a droplet charge density a
factor of ~10° greater than densities previously used to
investigate the dynamics of droplet fission [20,21]. The
following analysis, like the previous estimates, relies on
extrapolating the understanding developed for lower
charge densities to estimate processes occurring at
densities used in these experiments.

Cytochrome c ions will diffuse to the surface from a
distance 14 given by [24]

Tfhff = TrDtprop (8)
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where D is the protein diffusion coefficient. Due to the
lower viscosity of MeOH, eq 5 implies the diffusion
coefficient of cytochrome ¢ in H,0/MeOH droplets
increases by a factor of ~2 as the fraction of MeOH
fraction varies from 10-80%. In pure water droplets,
D, =~ 107° ecm?/s [25], resulting in a range of ry ~
0.14 to 0.2 wm. This range of ry; indicates that, depend-
ing on the methanol fraction, approximately 65— 80% of
the protein molecules in a 1 um diameter droplet can
diffuse to the droplet/air interface during a propaga-
tion time of t,,,,, ~ 60 us before exposure to the 266 nm
excitation beam. It should be mentioned that diffusion
coefficients derived from measurements of diffusion
limited adsorption of proteins near an air/water inter-
face have been observed to be significantly greater than
values estimated by the Einstein equation [26]. It was
suggested that convection was probably contributing to
particle motion near such an interface.

The diffusion and adsorption of proteins to non-
polar surfaces have been previously investigated. Gast
and coworkers [27] have measured the adsorption rate
of native-state ribonuclease A at the non-polar interface
of polystyrene spheres in H,O/MeOH solutions. The
hydrophobic interaction between the protein and the
spheres was considered to be a major driving force for
adsorption. Proteins adsorbed at the non-polar surface
of the spheres were in a more hydrophobic environ-
ment in which the free energy was minimized by
reducing the amount of structured water at the
protein surface. The observed adsorption rate is high-
est for pure water and decreases as the methanol
fraction increases, suggesting that methanol itself
reduces the tendency of water structuring at the
interface so that adsorption does not provide as much
free energy advantage. In our experiments, the drop-
let surface could serve as the hydrophobic interface to
provide a similar driving force for cytochrome c
adsorption.

The adsorption of bovine serum albumin (BSA) [28]
and lysozyme [29] at the air/water interface has been
studied by neutron reflection. These studies show evi-
dence indicating that at densities (~10* g/cm?) com-
parable to those in our experiments, proteins can form
monolayers and can protrude above the water surface.
Although BSA becomes slightly distorted in the surface
environment, neither lysozyme nor BSA show evidence
indicating their globular framework is denatured.

These previous studies provide evidence supporting
the diffusion and adsorption of cytochrome ¢ molecules
at the droplet/air interface. The following equation for
the total fluorescence power, Pgg, emitted by electros-
pray droplets is useful to describe the experimental
differences observed between bulk-solution and elec-
trospray denaturation curves in the presence of diffu-
sion and adsorption at the droplet/air interface.

Prs; = Ngpp + Ngps )
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Here, Ng is the number of proteins adsorbed at the
droplet surface and N is the number of proteins
remaining in the bulk of the droplet. For 1 um diameter
droplets, N = (Ng + Ng) ~ 10* proteins for the molar-
ities used. Note that the diffusion dependence on vis-
cosity shown in eq 5 implies that Ng will vary with
alcohol fraction. The fluorescence power radiated by a
surface (bulk) protein is ps (pg) and both of these
fluorescence rates will depend on the alcohol fraction,
on the environment surrounding the fluorescent mole-
cule, and therefore, on the protein conformation. If we
assume that pg has identical characteristics to solution
fluorescence, then our denaturation data suggest that
Ps = ps so that the total fluorescence power from N
proteins in droplets could be less than N proteins in
bulk solution. The following discussion considers the
alcohol dependence of the denaturing curves in terms
of the variations in both Ng and ps.

As presented in our estimates of cytochrome c diffu-
sion, more than 80% of the proteins contained in a ~1
pwm diameter droplet are expected to diffuse to its
surface at high (>80%) MeOH concentrations. Under
these conditions, denatured proteins are expected to
dominate and give rise to the maximum in fluorescence
detected. That is, Pgg; would be approximated by Nps.
At low methanol concentrations (<40%), the high water
content and lower cytochrome ¢ diffusion would lead to
a lower droplet-surface population, resulting in a drop-
let environment similar to that of bulk solution, and
consequently a fluorescence response (Pgs; ~ Npg) con-
sistent with the presence of compact, folded structures,
for which pg ~ 0, in both spray and bulk-solution
measurements. At intermediate H,O/MeOH ratios, the
fluorescence response of proteins at the surface has
been observed to be reduced from that in bulk solution,
ps < ps- This response could result from a higher
molecular/charge density at the surface due to the
intermediate protein diffusion coefficients, as well as
from the effects of the changing dielectric environment.
It is possible that as the solvent environment varies
from a high to a low water concentration to a lower
dielectric medium (air/droplet interface), proteins are
actively competing for solvation by water or alcohol
and intramolecular charge solvation. This could result
in refolding to achieve more compact structures than
those expected in bulk-solution where surface effects
are absent. The possibility of refolding partially dena-
tured cytochrome ¢ molecules within a time interval of
torop ~ 60 ps is supported by studies discussed and
cited in ref 30.

The discussion above describes the role of adsorp-
tion in the fluorescence behavior of cytochrome ¢ mol-
ecules within electrospray droplets. There are addi-
tional phenomena which may be contributing to
variations of the protein dynamics at the droplet sur-
face. For example, an excess MeOH fraction [31] is
expected near the droplet/air interface resulting from
the different surface tensions of MeOH and water (0.22
and 0.76 mN/cm, respectively) [18]. However, such an
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excess may be compensated by preferential loss of
MeOH resulting from the greater evaporation rate
relative to water. At the very least, these processes
introduce an uncertainty in the local MeOH fraction the
adsorbed protein is exposed to within the surface
environment. As previously mentioned, a simple re-
scaling of the MeOH fraction will not bring the droplet
and solution data shown in Figure 4 into closer agree-
ment. The 1-PrOH droplet fluorescence data displays a
similar deviation from the solution data and in this case
evaporation corrections to the 1-PrOH fraction are
negligible.

The study of radiative interactions of polarized radi-
ation with molecules in droplets [32] considers several
processes which can lead to changes in molecular
fluorescence intensity when the molecules are at the
droplet surface. Spherical droplet resonance effects are
probably averaged out by the droplet size distribution
in our experiments and are therefore not observed in
our spray-fluorescence spectra (Figure 3a). However,
this does not eliminate the possibility that these droplet
resonances are contributing to the fluorescence varia-
tions observed in our experiments. Such effects could be
evaluated by performing experiments with a single,
well defined droplet size. Our measurements indicate
that the denaturation curves obtained from droplet
experiments are consistent with the presence of more
compact or folded protein conformations than those
described by the bulk-solution curves. It is our sugges-
tion that changes in the protein structure are the result
of diffusion and probable adsorption at the droplet/air
interface during the time prior to laser excitation. How-
ever, the electrospray process is not understood ade-
quately to rule out the possibility that droplet formation
processes are contributing to the observed changes in
protein conformation.

Conclusions

Protein fluorescence measurements within the electro-
spray plume and in bulk solution have been performed
in an effort to obtain some information about the
relative conformational differences between the solu-
tion and droplet environments. For solutions of inter-
mediate methanol composition, comparison between
electrospray and solution experiments suggests a lower
extent of cytochrome c denaturation, or refolding, is
observed within the droplets, indicating the conforma-
tion of electrosprayed proteins differs from that found
in solutions of similar composition. Protein denatur-
ation experiments using the low vapor pressure solvent
1-propanol indicate that differences between the drop-
let and solution measurements are not due to solvent
evaporation effects. It is suggested that different droplet
conformations are probably the result of exposure of the
protein to a solvent environment that differs signifi-
cantly from that of bulk solution. This would be the
situation expected for a protein undergoing diffusion
and adsorption to the droplet/air interface.
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We have demonstrated that the combination of flu-
orescence spectroscopy and electrospray ionization pro-
vides insights into the effects the electrospray process
has on solution analytes. Fluorescence studies on
trapped ions would significantly increase our knowl-
edge about the structure and conformation of gas-phase
biomolecules. Current efforts in our laboratory are
being directed toward this goal.
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