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Capabilities of mass spectrometry for the analysis of intact
proteins can be increased through separation methods.
Flow field-flow fractionation (FIFFF) is characterized by
the particularly “soft” separation mechanism, which is
ideally suited to maintain the native structure of intact
proteins. This work describes the original on-line coupling
between hollow-fiber FIFFF (HF FIFFF), the microcolumn
variant of FIFFF, and electrospray ionization/time-of-flight
mass spectrometry (ESI/TOFMS) for the analysis and
characterization of intact proteins. The results show that
the native (or pseudonative) structure of horse heart
myoglobin and horseradish peroxidase is maintained.
Sample desalting is also observed for horse heart myo-
globin. Correlation between the molar mass values inde-
pendently measured by HF FIFFF retention and ESI/
TOFMS allows us to confirm the protein aggregation
features of bovine serum albumin and to indicate possible
changes in the quaternary structure of human hemoglo-
bin.

Protein regulation and interaction with surrounding species
such as other proteins, protein receptors, drugs, or cell metabolites
are recognized to play a fundamental role in the biological
complexity of higher organisms.! It is acknowledged that com-
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prehensive identification and characterization of proteins and
protein derivatives in their intact form should become a funda-
mental task to fully understand their actual activity in biological
systems. This is in fact a task of functional proteomics. Functional
proteomics takes into account how native proteins interact with
surrounding proteins or molecules to eventually modify the protein
structure. Very accurate measurement of the actual molar mass
is a prime goal to identify intact proteins and protein complexes.
Mass spectrometry (MS) is the reference technique for this
purpose. Electrospray ionization (ESI) is particularly suited to MS-
based identification and structural characterization of intact protein
and protein complexes. Because of the known ability of ESI to
give multicharged ion patterns,? ESI-MS can be used for the
analysis of intact proteins up to a mass of 200 000 Da.? By ESI-
MS, accurate mass measures and indications on the higher-order
structure of proteins and noncovalent protein complexes can be
obtained.*~7 Equipped with time-of-flight (TOF) mass analyzers,
ESI/TOFMS provides characterization of intact proteins and
protein complexes over a very wide molar mass range, since TOF
analyzers are able to scan broad ranges of m/z values.8~10 In the
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case of complex protein samples (e.g., cell lysates), direct ESI/
TOFMS shows, however, limited success, mainly because the
spectra are very complex to interpret. First, the spectra contain a
very high number of signals due to the high number of ionized
species. These species can originate not only from the different
proteins present in the sample but also from the sample contami-
nants. The presence of sample contaminants plays an important
role in terms of sensitivity and accuracy of the ESI/TOFMS
methods for intact proteins. Among such contaminants, nonvolatile
salts generally present in protein samples of either biological or
synthetic origin give formation of adduct ions, reducing sensitivity
and increasing complication in molar mass determination. This
can be a particularly serious issue when proteins from bacterial
cell lysates, or produced by biotechnological processes, are to be
analyzed, due to the high concentration of salts present in the
growing medium. Sample desalting methods are thus necessary.
Second, the mechanism of competitive ionization, which is
characterized by the suppression of molecular ion species of a
given protein in the presence of other proteins in the mixture,
also complicates spectra interpretation. Rapid and efficient separa-
tion methods able to purify the sample and affect neither the three-
dimensional structure nor the noncovalent chemistry can signifi-
cantly enhance the power of ESI/TOFMS methods applied to
intact proteins. The increase in analytical information can be
achieved in terms not only of protein identification but also of
stoichiometry and characterization of the aggregation features of
protein complexes.

Over almost two decades, separation techniques have been
coupled with ESI-MS. First LC/ESI-MS was reported by Fenn et
al.ll in 1985, and capillary zone electrophoresis (CZE) was first
coupled with ESI-MS by Smith et al. in 1987.12 Because of the
clearly superior separation efficiency of CZE over LC, CZE has
rapidly gained popularity for protein characterization, and coupled
with MS methods, it is considered to be among the most
promising techniques for “single-cell proteomics”.’*~1> However,
it is recognized that some limitations could emerge if CZE-ESI-
MS wanted to be applied to the analysis of intact proteins or
protein complexes in native form. For instance, it is recognized
that if saline buffers at relatively high ionic strength are used in
CZE, they can cause problems to on-line ESI-MS, and the high
voltages used in CZE can contribute to alter proteins from their
native form.!617 When CZE uses buffers containing an organic
modifier, this can cause protein dissociation into the apoprotein
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and the prosthetic group.!® These difficulties are among the
reasons that have up to now prevented CZE-ESI-MS from becom-
ing a routine technique for the characterization of intact protein
and protein complexes. Reversed-phase (RP) HPLC/ESI-MS is
capable of analyzing and characterizing intact proteins, and even
intact, noncovalent protein complexes.!Y However, when RP HPLC
is used alone before ESI-MS, it seldom provides enough resolution
to adequately separate proteins from complex samples. It can give
sample desalting but cannot tolerate high salt concentrations. Two-
dimensional LC methods for high-performance desalting and
separation of complex samples are thus on-line coupled with ESI-
MS for the identification and characterization of intact proteins.20:2!
However, it is common knowledge that undesired interaction
between proteins and LC stationary phases can generally cause
protein adsorption or entanglement, which reduces protein
recovery and separation. This is known to hold true in RP HPLC
of very lipophilic, glycosylated, or high molar mass (>100 kDa)
proteins,? and it represents particularly serious constraints in the
case of low-abundance proteins. Increase in separation perfor-
mance can be achieved by using low-sized particle packing and
narrow-bore, long columns under high- or ultra-high-pressure
conditions.?* Upon these pressure conditions, however, protein
degradation may occur. Organic modifiers used in RP HPLC
mobile phases can also induce protein denaturation.?* Although
denaturation under controlled conditions can be part of the overall
analytical procedure for intact protein characterization by ESI-
MS, in most cases, maintenance of the three-dimensional, native
structure in fact constitutes a necessary requirement in functional
proteomics. Variation in structure flexibility (e.g., the so-called
“molten globule” case), stability (as a consequence, for instance,
of folding/unfolding or turnover), and morphology of proteins,
however, reflect in changes in protein diffusion coefficient without
changes in protein molar mass. Even though comprehensive LC
and CZE are high-resolution methods, they are not particularly
selective with respect to changes in the protein diffusion coef-
ficient, which can in fact reflect differences not only in molar mass
but also in protein morphology.

Field-flow fractionation (FFF) is a family of flow-assisted
separation techniques that applies to the analysis of macromo-
lecular and supramolecular analytes, including proteins.2> Flow
FFF (FIFFF) is the FFF variant that employs a secondary flow of
mobile phase as the perpendicular field.?6 The driving force that
structures separation in FIFFF is the viscous force exerted on
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sample components by the cross-flow stream. For this reason,
retention time in FIFFF is, in principle, proportional to the analyte
diffusion coefficient.2”-?8 FIFFF shows intrinsic advantages for the
analysis of intact proteins in native form. First, there is very little
(if any) mechanical or shear stress on the protein molecule since
the separation channel is empty. This allows for separation of high
molar mass proteins and protein complexes without analyte
entanglement/adsorption on the stationary phase. Second, FIFFF
is so versatile that almost any liquid solution can be used as mobile
phase. This is a key point to avoid possible protein degradation
due to the mobile phase and to find the most compatible mobile
phase for ESI. Third, FIFFF selectivity in terms of differences in
diffusion coefficient is particularly high. Fourth, sample contami-
nants of low molar mass such as salts are not retained due to the
porous channel walls. These features make FIFFF able to purify
and separate intact protein samples within a broad molar mass
range according to even very small differences in diffusion
coefficient. Being differences in diffusion coefficient induced by
differences in protein hydrodynamic radius, differences in FIFFF
retention can indicate differences not only in molar mass but also
in protein conformation. ESI/TOFMS analysis can then establish
whether retention differences are a consequence of differences
in molar mass or not. ESI/TOFMS characterization of intact
proteins in their native form may be, then, significantly enhanced
through on-line FIFFF. To authors’ knowledge, however, only one
and very preliminary study on on-line FIFFF-ESI-MS is described
in the literature.?® In that report, only the case of synthetic
polymers of relatively low molar mass was considered, and no
application to proteins was reported. Moreover, that study brought
light on three drawbacks able to limit effective use of on-line FIFFF
for ESI/TOFMS of proteins. First, a relatively high sample dilution
occurs at the FIFFF outlet. Second, since relatively low flow rate
conditions are needed at the ESI source inlet to reach high
sensitivity, high flow splitting ratios should be required at the
FIFFF channel outlet should be required. These factors can
increase the limit of detection of proteins by current ESI/TOFMS
methods. This is a particularly serious constraint in the case of
low-ionized or low-abundance proteins. Third, possible run-to-run
sample carryover due to incomplete sample recovery after FIFFF
can contaminate spectra, thus affecting protein identification
capabilities of ESI/TOFMS.

The idea of using hollow-fiber (HF) membranes as cylindrical,
microcolumn channels for FIFFF (HF FIFFF) dates back to 1974,3
with fundamentals on HF FIFFF given only in the late 1980s.5152
The ability of HF FIFFF to separate water-soluble polymers,334
synthetic organic-soluble polymers,* and nanosized particles 267
based on differences in their diffusion coefficient was further
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described. We have recently shown that a wide selection of HF
membranes enables HF FIFFF to separate micrometer-sized
particles,? and particles of biological origin such as whole bacteria,
yeast, and red blood cells,**4° due to differences in their physical
characteristics. Most recently we have reported improvements in
matrix-assisted, laser desorption/ionization (MALDI) TOFMS
analysis of whole bacteria through off-line HF FIFFF.4! Fraction-
ation performance and sample recovery of our HF FIFFF version
is nowadays comparable to that of commercial, flat-channel FIFFF
systems. With respect to commercial FIFFF, however, our HF
FIFFF version shows unique, intrinsic features for on-line coupling
to ESI/TOFMS: (a) low channel volume (in the order of 100 uL),
which reduces sample dilution; (b) low flow rate conditions (as
low as 400 uL/min), which does not require high split ratios
between the HF FIFFF outlet and the ESI source; (c) possible
disposable usage, which eliminates the risk of run-to-run sample
carryover and, then, spectra contamination. Incidentally, features
(a) and (b) can decrease the limit of detection in ESI/TOFMS of
low-abundance proteins, while feature (c) is also essential to
reduce biohazards. Because of the hollow-fiber porosity, HF FIFFF
can also give in-line sample micropurification, due to in-channel
sample focusing/relaxation before the elution.*!

In this work, we propose for the first time on-line HF FIFFF-
ESI/TOFMS for the analysis of intact proteins. Proteins within a
broad molar mass range (from horse heart myoglobin to horse
spleen ferritin) are differently retained in the HF FIFFF channel
according to differences in their diffusion coefficient. It is then
demonstrated that the native (or pseudonative) characteristics of
some standard proteins and enzymes such as horse heart
myoglobin and horseradish peroxidase are maintained through
the HF FIFFF process, with reduction of adduct ion formation
due to in-line sample desalting. By relating the protein molar mass
values derived from the diffusion coefficient values measured
through HF FIFFF to the nominal and to the experimental molar
mass values that are independently obtained through ESI/
TOFMS, aggregation features and possible changes in the
quaternary structure are obtained in the case of bovine serum
albumin and human hemoglobin, respectively.

EXPERIMENTAL SECTION

HF FIFFF. The employed HF FIFFF system was a trial
prototype, and the HF FIFFF channels were not commercially
available. The channel was homemade of a piece of hollow fiber
sheathed by two pieces of !/gin. 0.d. Teflon tube.?64! Two types
of polysulfone hollow fibers were used. Inner radius and molar
mass cutoff values of the used hollow fibers are listed in Table 1.
Channel length was always 24 cm.

HF FIFFF operations with disposable channels typically involve
three steps.*! First, a makeup run is performed with an aliquot of
the sample to condition the hollow-fiber membrane of the new
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Table 1. Hollow-Fiber Membranes Employed for the HF
FIFFF Channels

HF inner radius

(cm, dried conditions) M, cutoff manufacturer
0.041 30 000 SKU, Korea
0.040 6000 Asahi Kasei, Japan

channel. Two further steps, which correspond to different flow
rates and flow patterns, are then performed: (a) sample injection/
focusing/relaxation and (b) channel elution. During (b), one
HPLC pump generated the required flow rates, while for (a) a
second, syringe pump was also used. The HPLC pump was a
model 422 (Bio-Tek Kontron Instruments, Milan, Italy), and the
syringe pump was a model Pump 11 (Harvard Bioscience,
Holliston, MA). Flow pattern conversions were switched using
four- and three-way switching valves (Hamilton, Reno, NV) 4041
Sample injection was made via a model 7125 injection valve
(Rheodyne, Cotati, CA) equipped with a 20-uL external PEEK loop.
The sample injection/focusing/relaxation process then operated
for 3—5 min, with the focusing point determined as previously
described.® The flow patterns for the elution step were then set
by turning off the syringe pump. These operations usually
generate pressure pulses and variations of the mobile phase flow
rate that are responsible for the transient peak sometimes
observed at the beginning (void) of the UV/visible fractograms
of either blank or sample runs.

The cross-flow rate value (V;,q) for the elution step was chosen
to obtain the best compromise between resolution and analysis
time: the higher the cross-flow rate, the higher resolution, and
the longer the analysis time. The cross-flow rate was manually
adjusted through an SS-SS2-VH Nupro metering valve (Nupro,
Willoughby, OH) positioned at the waste, radial outlet. The
longitudinal channel flow rate value (V) for the elution step was
determined through trial-and-error optimization. In principle, the
higher the elution flow rate, the lower the separation efficiency,
the shorter the analysis time, and the higher the flow split ratio
required at the ESI source to obtain the best sensitivity. V;,q and
Vout as low as 0.4 mL/min generally allowed achieving the best
compromise. The required V,,; was obtained by setting the HPLC
pump at the channel inlet flow rate value (Vi) corresponding to
the sum of Vg and Vo, and the actual V,q and V,; were manually
measured by buret and chronometer.

Spectrophotometric UV/visible detection was made by a model
UV 6000 LP high-sensitivity diode array spectrophotometer
(ThermoQuest, Austin, TX) equipped with a fiber-optic guided,
light-pipe cell. The cell path length was measured with a
spectroscopic standard, as described in previous work.** The result
was 4.6 + 0.3 cm.

The HF FIFFF system was connected to the ESI source
through a piece of PEEK tube (20 cm, 0.005-in. i.d., !/1in. o.d.;
Upchurch Scientific, Oak Harbor, WA) and a low-volume (maxi-
mum nominal, 2.4 1) microsplitter valve (Upchurch Scientific)
positioned between the channel and the UV/visible detector.
Qualitative comparison between UV /visible and TIC fractograms
showed no significant differences in band broadening and between
the retention time values taken in correspondence of the fracto-
gram maximums. This indicated that the so-designed on-line
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Figure 1. HF FIFFF of a binary mixture of whole proteins: (1) Mb
0.02% w/v; (2) BSA 0.05% wiv. Vout = 0.28 mL/min; Viag = 0.42 mL/
min. Three repeated runs.

connection between the HF FIFFF system, the UV /visible detec-
tor, and the ESI/TOF mass spectrometer did not give significant
extracolumn effects. The split and waste flow streams were directly
fed to the UV/visible detector cell and to the ESI source,
respectively. During injection/focusing/relaxation, the ESI source
was excluded from the flow circuit by a shut-off valve. The splitting
valve thumbscrew allowed regulation of the stream flow rate ratio
during elution. With ¥, values around 0.3 mL/min, a split ratio
of ~50:50 gave flow rate values at the ESI tip around 0.15 mL,
which were found to give the best ESI/TOFMS sensitivity. It is
known that the ESI/TOFMS response depends on the analyte
concentration, and then, it should be independent of the flow rate
at the source tip. However, ESI efficiency increases with decreas-
ing flow rate. Flow rate values at the tip as low as 0.2 mL are
commonly indicated as necessary to have enough sensitivity in
ESI-MS coupled with flow-assisted separation techniques. The
sketch diagram of the so-designed HF FIFFF-ESI/TOFMS system
is separately reported as Supporting Information, Figure A.

The chosen mobile phase was a solution of 50 mM ammonium
acetate (Sigma Aldrich, St. Louis, MO) at pH 7.0 in Milli-Q water
(Millipore, Bedford, MA), which neither degraded proteins nor
suppressed ionization. This mobile phase contained no metal ions
to avoid metal/protein adduct formation during ESI. For the
experiments performed with human hemoglobin at pH 8.2,
reagent-grade ammonia (Sigma Aldrich) was added to the mobile
phase. Proteins were dissolved in the mobile phase in a concentra-
tion range of 0.02—0.2% w/v. Protein samples were obtained from
Sigma Aldrich or Boehringer Ingelheim (Ingelheim, Germany).
The samples used in this work are listed in Table 2.

RP HPLC. A System Gold HPLC (Beckman Instruments,
Fullerton, CA) was employed. The column was a Jupiter C4 (50
x 2.1 mm; Phenomenex, Torrance, CA). The mobile phase
solutions were as follows: (A) 0.05% trifluoroacetic acid (TFA),
2% formic acid (FA) in Milli-Q water; (B) 0.05% TFA, 2% FA in
acetonitrile. Gradient elution was performed from 30 to 65% in
(B) in 20 min, at a flow rate of 0.20 mL/min.

ESI/TOFMS. A quadrupole-TOF hybrid mass analyzer, the
model Micromass Q-TOF Micro (Micromass, Manchester, U.K.),
was employed with a Z-spray ion source. The best ionization
parameters were sought to minimize denaturation effects. The
source temperature was set at 333 K, the capillary voltage at 2500



Table 2. Protein Samples

protein M;
myoglobin (Mb) 17 566.7¢
peroxidase (HRP) 42 382.7"
hemoglobin (Hb) 63 218.2¢
albumin (BSA) 66 398.6
alkaline phosphatase (AP) 157 2044
ferritin (Fer) 440 000

source catalog no.

M-1882 (Sigma)
P-6782 (Sigma)
H-7379 (Sigma)
A-2153 (Sigma)
567744 (Boehringer)
F-4503 (Sigma)

horse heart
horseradish
human
bovine serum
calf intestine
horse spleen

@ Including heme group. * From data in Figure 6b. ¢ Including heme groups. ¢ Peptide chain only.

V, the cone voltage at 30 V, and the collision energy at 5 V. Mass
spectra were acquired in a m/z range spanning 800—3000
Thompson, and mass calibration over the entire range was
performed by means of direct injections of egg lysozyme (Sigma
Aldrich). Spectra were elaborated by Mass Lynks (Waters Corp.,
Milford, MA).

RESULTS AND DISCUSSION
Fractionation of Proteins. 1. Retention. A systematic,

experimental study on protein HF FIFFF has not as yet been
described. According to the HF FIFFF retention theory 33 the
diffusion coefficient (D) and retention time (¢,) of proteins can be
related as follows:

n (1)

where 7; is the hollow-fiber inner radius. Protein D can be
expressed as

D = kT/37nd (&)

where 7 is the mobile-phase viscosity, T the absolute temperature,
k the Boltzmann constant, and d the protein hydrodynamic radius.
Substituting eq 2 into eq 1, protein d values can be determined
from the ¢, values. According to a hard-sphere model, protein d
increases with increasing the molar mass. In HF FIFFF, proteins
of larger molar mass should then be eluted later than proteins of
smaller molar mass.

2. Resolution, Reproducibility, and Recovery. Figure 1
shows the HF FIFFF separation of a mixture of horse heart
myoglobin (Mb; nominal M; = 17 566.7) and bovine serum
albumin (BSA; nominal M, = 66 398.6). Resolution between the
two proteins appears to be relatively poor, particularly if compared
to typical RP HPLC resolution. Bands are indeed relatively broad.
This is however a general fact in FFF, because the sample
polydispersity contribution to FFF band broadening is not destruc-
tive to separation but it reflects the high FFF selectivity.*? Like
conventional, flat-channel FIFFF, HF FIFFF is highly selective in
terms of differences in D. High D-based selectivity then gives
relatively broad peaks. As a consequence, HF FIFFF is in principle
able to fractionate intact proteins according to sample heteroge-
neities that reflect into small differences in D. This makes
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K. D., Giddings, J. C., Eds.; Wiley-Interscience: New York, 2000; Chapter
3.

particularly interesting use of HF FIFFF with ESI/TOFMS since
whole proteins or protein complexes can be fractionated in terms
of differences in diffusion coefficient, and the molar mass can be
independently determined through ESI/TOFMS.

Since early developments, separation reproducibility and
sample recovery were major concerns in HF FIFFF. In our
previous work with bacterial cells, we demonstrated good run-
to-run HF FIFFF reproducibility.?® The use of disposable HF FIFFF
channels indeed eliminates the risk of run-to-run sample carryover
due to poor sample recovery. However, even with disposable
fractionators, high levels of proportionate recovery are necessary.
In fact, proportionate recovery reflects recovery of the different
sample components in amounts proportional to their absolute
amounts in the sample. High proportionate recovery has been
shown in previous work on HF FIFFF for MALDI/TOFMS of
whole bacteria.*! High proportionate recovery levels can enhance
also HF FIFFF-ESI/TOFMS analysis of whole proteins. In Figure
1 are superimposed the fractograms obtained from three different,
consecutive runs of the protein mixture. The run-to-run reproduc-
ibility is acceptable, in terms either of resolution or of proportion-
ate recovery, if it is considered that the runs were performed after
several runs of the sample with the same channel under the same
experimental conditions. As it can be deduced from the blank runs
performed after each run, neither interrun carryover effects are
shown.

3. Fractionation Performance. Figure 2a shows the super-
imposed UV traces of the fractograms of five single proteins: (1)
Mb; (2) horseradish peroxidase (HRP); (3) BSA; (4) calf intestinal
alkaline phosphatase (AP); (5) horse spleen ferritin (Fer). Each
fractogram was individually obtained at the same V,y and V..
The results show, first, that higher molar mass proteins are more
retained than lower molar mass proteins. Second, HF FIFFF can
be successfully applied to distinguish whole proteins, including
very high molar mass proteins (see the case of Fer; nominal M,
= 440 000), in a broad molar mass range: it is known, for instance,
that SEC dramatically loses molar mass-based selectivity when
applied to high molar mass proteins, because of shear degradation.
Third, it can be noted that Mb, HRP, and AP fractograms appear
to be monomodal (bands 1, 2, and 4, respectively), while the BSA
and Fer fractograms appear to be bimodal (bands 3 and 3') and
trimodal (bands 5, 5', and 5'""), respectively. The secondary bands
observed in the BSA and Fer fractogram could be due to protein
aggregates. Figure 2b reports the UV traces of the fractograms
obtained when BSA is treated with 9 M urea for 10 days. The
intensity of the more retained bands increases by adding urea to
the BSA sample (2' and 3' vs 1), and the effect is more
pronounced by increasing the sample stock temperature (3' vs
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Figure 2. HF FIFFF of intact proteins. (a) Fractionation of single
proteins: (1) 0.1% w/v Mb; (2) 0.1% w/v HRP; (3, 3') 0.2% w/v BSA;
(4) 0.1% w/v AP; (5, 5', 5") 0.1% w/v Fer. Vo = 0.32 mL/min; Viag
= 0.38 mL/min. (b) Fractionation of denatured BSA: (1,1', full line)
0.2% w/v BSA, 298 K; (2, 2', dashed line) 0.2% w/v BSA in 9 M urea,
277 K; (3, 3, dotted line) 0.2% w/v BSA in 9 M urea, 298 K. Vot =
0.32 mL/min; Viag = 0.38 mL/min.

2"). It is known that when BSA is in solution with highly
concentrated urea, hydrophobic interactions increase. If the urea-
treated BSA sample is injected into the HF FIFFF system with
ammonium acetate as mobile phase, during the focusing/
relaxation step inside the HF FIFFF channel, the BSA molecules
reach a relatively high local concentration in a solvent that is more
polar than when urea is present in the batch sample. As a
consequence, before the elution, the BSA molecules tend to
maximize intermolecular hydrophobic interactions, thus increasing
formation of protein aggregates that are eluted at higher retention
time.

Figure 3 reports the fractograms obtained with human hemo-
globin (Hb) at mobile-phase pH 7.0 and pH 8.2. An incident
wavelength of 420 nm was used because it corresponds to Hb’s
highest absorbance. The Hb fractogram obtained at pH 8.2
(fractogram 2) is shifted toward a retention time that is higher
than at pH 7 (fractogram 1). According to the HF FIFFF retention
theory (eq 1), this retention difference at a different pH is due to
a change in the protein diffusion coefficient, which can be related
to a change in the protein hydrodynamic radius (eq 2) that can
reflect changes in either molar mass or protein conformation.
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Figure 3. HF FIFFF of Hb at different pH. Sample concentration,
0.1% w/v. (1) pH = 7.0; (2) pH = 8.2. Vout = 0.32 mL/min; Vjag =
0.38 mL/min.

Confirmation of possible aggregate formation or of structural
changes that reflect into fractogram features may be then given
by ESI/TOFMS analysis, as will be discussed in BSA Aggregation
and pH-Dependent Behavior of Hb.

4. Maintenance of Native Conditions. (a) HF FIFFF-ESI/
TOFMS versus RP HPLC-ESI/TOFMS of Mb. In Figure 4, the
multicharged ion spectra obtained through HF FIFFF-ESI/
TOFMS (a) and RP HPLC-ESI/TOFMS (b) of Mb are reported.
Slightly different protonation levels can be observed. In the case
of RP HPLC-ESI/TOFMS, Mb seems to incorporate a slightly
higher number of protons through ESI, which gives rise to a shift
of the ion distribution pattern to lower m/z values. This slightly
higher number of acquired protons could bear the first indications
of possible Mb denaturation through RP HPLC. From the
multicharge ion spectra reported in Figure 4, the mass spectra
were derived (not shown). In the case of RP HPLC-ESI/TOFMS,
one species with M, = 16 951.5 &+ 0.27 was found. This value
agrees well with the nominal molar mass of apomyoglobin (M, =
16 951.5), that is, of Mb without the heme group the molar mass
of which is M, = 615.23. Nonetheless, through HF FIFFF-ESI/
TOFMS, a single species of M, = 17 566.7 £ 0.6 was observed.
This molar mass value is not significantly different from the
nominal mass of intact Mb. These findings prove that when it is
separated through HF FIFFF rather through RP HPLC, Mb mostly
maintains the noncovalent bond between the polypeptide chain
and the heme group. Degradation of Mb through RP HPLC could
occur either because of the low pH, the presence of an organic
modifier in the mobile phase, or the relatively hydrophobic
stationary phase. When Mb was dissolved in the mobile phase,
and directly injected into the ESI-MS without previous RP HPLC
separation, identical results were in fact obtained. This indicates
that when Mb was eluted through RP HPLC the mobile-phase
composition was the factor able to degrade Mb.

Desalting. In-line sample desalting and cleanup through
hollow-fiber microdialysis was successful for ESI-MS analysis of
intact proteins and nucleic acids.*~4 The microdialysis systems

(43) Wu, Q.; Liu, C.; Smith, R. D. Rapid Commun. Mass Spectrom. 1996, 10,
835—838.

(44) Liu, C.; Wu, Q.; Harms, A. C.; Smith, R. D. Anal. Chem. 1996, 68, 3295—
3299.

(45) Liu, C.; Hofstadler, S. A.; Bresson, J. A.; Udseth, H. R.; Tsukuda, T.; Smith,
R. D.; Synder, A. P. Anal. Chem. 1998, 70, 1797—1801.
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Figure 4. Comparison between HF FIFFF-ESI/TOFMS and RP HPLC-ESI/TOFMS of Mb: (a) multicharged ion spectrum from HF FIFFF-
ESI/TOFMS; (b) multicharged ion spectrum from RP HPLC-ESI/TOFMS.

were designed by connecting a home-built microdialysis cartridge
to the ESI source, with the sample continuously flowing into the
inner side and the dialysis buffer flowing toward the outer side of
the hollow fiber. Being designed for microdialysis and not to
exploit the FIFFF mechanism, the system did not in fact separate
the analytes from narrow pulses of injected samples. In our HF
FIFFF system, we can instead simultaneously obtain in-line
separation and cleanup of the sample, as we have observed in
HF FIFFF for MALDI/TOFMS of whole bacteria.*! This is because
the low molar mass species present in the sample plug injected
into the HF FIFFF channel can be washed out from the inner to
the radial exit of the channel during the sample relaxation/
focusing step before elution of the higher molar mass species.
Figure 5 compares the expanded view of the (M + 9H™) state of
the spectrum obtained through direct ESI/TOFMS (a) and
through HF FIFFF-ESI/TOFMS (b) of the Mb sample. In both
cases, the Mb sample batch was diluted in 50 mM ammonium
acetate without any type of sample treatment before the analysis.
Significant differences can be observed between the spectra. In
the case of direct ESI/TOFMS (Figure 5a), many Na*/Mb
adducts are present, while it is not the case for HF FIFFF-ESI/
TOFMS (Figure 5b), where only a low-intensity signal due to the
CH5COO~/Mb adduct is found. As described above, the molar
mass measured from the derived HF FIFFF-ESI/TOF mass
spectrum gave the molar mass of intact Mb. Although a systematic
study on sample desalting through HF FIFFF stands beyond the
aims of the present work, these preliminary findings indicate that
HF FIFFF can give desalting without protein degradation while
proteins are fractionated according to their diffusion coefficient

values. This should represent a significant improvement in
reducing the procedural complexity if HF FIFFF wanted to be
included as a purification/separation step within a multidimen-
sional approach to MS analysis of intact proteins.

(b) HF FIFFF-ESI/TOFMS of HRP. Figure 6 reports the
multicharged ion spectrum (a) and the derived mass spectrum
(b) obtained in correspondence to the HRP fractogram maximum
reported in Figure 2a, case 2. HRP is an extracellular heme
enzyme consisting of 308 amino acids and a single protoporphyrin
IX prosthetic group, two calcium ions, four disulfide bridges, and
three N-glycosylation sites.#-4 RP HPLC-ESI/TOFMS of HRP
revealed the presence of three species, the mass of which
corresponded to the binding of, respectively, one, two, and three
(GlucNAc),— (Man)s structures to the HRP polypeptide chain (data
not shown). This oligosaccharide structure, which constitutes the
common core of all the glycosidic anchors present in N-glycosyl-
ated proteins, has a nominal M, = 894. In fact, when HRP was
analyzed through HF FIFFF-ESI/TOFMS (Figure 6b), the molar
mass of each of the three glycosylated species increased of ~615
Da with respect to the values observed in RP HPLC-ESI/TOFMS.
The mass spectrum in Figure 6b also shows that the glycosylated
species were present as doublets, while RP HPLC-ESI/TOFMS
gave no mass signal doublets in correspondence to these species.
Since the nominal molar mass of the heme prosthetic group is

(46) Morishima, I.; Kurono, M.; Shiro, Y. J. Biol. Chem. 1986, 261, 9391—9399.

(47) Dunford, H. B. In Peroxidases in Chemistry and Biology; Everse, J. E., Everse,
K. E., Grisham, M. B., Eds.; CRC Press: Boca Raton, FL, 1991; pp 1-24.

(48) Yang, B. Y.; Gray, J. S.; Montgomery, R. Carbohydr. Res. 1996, 287, 203—
212.
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Figure 5. In-line sample desalting. Sample, Mb 0.2% wi/v: (a) multicharged ion spectrum from direct ESI/TOFMS; (b) multicharged ion spectrum
from HF FIFFF-ESI/TOFMS.

M, = 615.23, and the difference in mass between the peaks of dence with the ¢, values. The experimental log D values from the
each doublet is ~80 Da, which is the mass of 2Ca%*, these findings t. values taken in correspondence with the main peaks of the
support two important indications. First, as in the Mb case protein fractograms were plotted versus the nominal log M, values.

discussed in HF FIFFF-ESI/TOFMS versus RP HPLC-ESI/ The regression plot is separately reported as Supporting Informa-
TOFMS of Mb above, the elution through HF FIFFF does not tion, Figure B. The experimental log D values linearly decreased

alter the noncovalent bond between the polypeptide chain and with increasing nominal log M, values. Linear correlation was good
the prosthetic group as it does elution through RP HPLC. Second, (R* = 0.94; intercept, —4.5 + 0.2), and the slope value (0.37 +
comparing the relative intensity of the two peaks of each doublet, 0.04) was close to 1/, as expected from eq 3 using the hard-sphere
it is proved that most of the HRP molecules retain the calcium model to describe the protein hydrodynamic behavior in an FFF
ions that are noncovalently bound to the enzyme. It is also worth channel.®® The poorer correlation of the data point obtained for
noting the total absence of species corresponding to the binding Hb at pH 8.2 (indicated as Hb2 in Supporting Information, Figure
of one, rather than two, calcium ion. This indicates the strong B) with respect to the data point obtained for Hb at pH 7 (indicated
interdependence of the two calcium-binding sites, and it suggests as Hb1 in Supporting Information, Figure B) may indicate that,
that the observed species should not be generated by unspecific at pH 8.2, the retention time shift observed for Hb in fractogram
absorption of metal ions from the sample solution, as in the case 2 of Figure 3 could have been due to a change in either molar
of the unspecific absorption of Na* to Mb discussed above in mass or conformation. The well-correlated data points for BSA
Desalting. and Fer were obtained for D values from the ¢, values taken in
Characterization of Proteins. To determine the molar mass correspondence with, respectively, bands 3 and 5 of the fracto-
value of proteins from HF FIFFF, a regression analysis is required. grams in Figure 2a. The secondary bands present in the BSA and
This is based on the correlation between the D values measured Fer fractograms (bands 3' and 5', Figure 2a) must then correspond
from retention times and the nominal M, values + to species whose D values are different from those corresponding
S to the nominal specifications. Independent M; determination

D =AM, ®) through ESI/TOFMS should then indicate whether the change

in Hb diffusion coefficient at pH 8.2 was due to a change either
in protein molar mass or in conformation and whether, for

where A and b are constants. If eq 3 is experimentally verified
d P v instance, the secondary band in the BSA fractogram represented

with protein standards, the M, values of the unknowns can be
obtained from the diffusion coefficient values (d) determined from - - — -

h d 1 1 d9 d d he M. (49) Li, P.; Hansen, M. In Field-Flow Fractionation Handbook; Schimpf, M. E.,
the measured # values (eqs an ) and compared to the M, Caldwell, K. D., Giddings, J. C., Eds.; Wiley-Interscience: New York, 2000;
values measured from the mass spectra obtained in correspon- Chapter 28.
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Figure 7. HF FIFFF-ESI/TOFMS of Hb: molar mass spectrum. Vo, = 0.32 mL/min; Vjag = 0.38 mL/min.

a protein aggregate. It must be finally noted that the data employed
for the regression analysis were obtained with two different HF
FIFFF channels made up of membranes supplied by different
manufacturers and of different molar mass cutoff: 30 (O) and 6
kDa (a). The log D values obtained using the two HF FIFFF
channels were not significantly different. Incidentally, this supports
channel-to-channel reproducibility of HF FIFFF of intact proteins.

1. BSA Aggregation. By means of the regression analysis
described above, the M, value obtained from the £ value of band
3" of the BSA fractogram of Figure 2a corresponds to the molar
mass of the BSA dimer. The multicharge ion and mass spectra
on-line recorded in correspondence with the ¢. value of either band
3 or 3' of the BSA fractogram in Figure 2a were, however,
identical. They are separately reported as Supporting Information,
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Figure C. The presence of just a single species of M, = 66 398 &
2 was assessed. This M, value perfectly agrees with the nominal
M, of BSA. It is thus proved through independent techniques that
band 3' of the BSA fractogram in Figure 2a corresponds to the
aggregate made up of two intact BSA units.

2. pH-Dependent Behavior of Hb. Native Hb is a tetramer
constituted of two a and f subunits, each having one polypeptide
chain and one heme group that is noncovalently bound to the
subunit. In the literature, ESI-MS analysis of native Hb reports
the molar mass values of the a and j subunits, since ESI breaks
the noncovalent bonds between the tetramer subunits.” Figure 7
shows the mass spectrum obtained for HF FIFFF-ESI/TOFMS
of Hb: identical spectra were obtained at pH 7 and 8.2. The mass
spectrum shows the presence of three species, with M, values
corresponding to the M, values of the o and j subunits (M, =
15126.5 4+ 0.3, M, = 15867.3 £ 0.5, respectively), and of the
o-heme complex (M, = 15 741.5 & 0.7). This corresponds to the
spectrum of native Hb. The M, value obtained from HF FIFFF
retention of Hb at pH 7.0 (Figure 3, fractogram 1), however,
corresponds to the M, value of the tetramer. These findings
suggest that, first, as in the case of Mb and HRP discussed in HF
FIFFF-ESI/TOFMS versus RP HPLC-ESI/TOFMS of Mb and HF
FIFFF-ESI/TOFMS of HRP above, the heme group is not released
during HF FIFFF. In the literature it is reported that loss of the
heme group in Hb results in globin chain unfolding and, then,
decrease of protein stability and solubility.”* This would have in
fact affected HF FIFFF retention of Hb, with direct consequence
on the fractogram profile. Second, the retention differences
observed at different pH values could have been exclusively due
to conformational changes of Hb as a function of pH. Hb is an
allosteric protein; that is, it changes conformation when it interacts
with other molecules. In Hb, oxygen molecules are bound to the
heme group, and pH influences Hb affinity to oxygen (Bohr
effect).’2 An increase of pH increases oxygen association,” which
modifies the Hb quaternary structure. This can slightly change
the Hb diffusion coefficient and then explain the observed change
in retention by changing pH without apparent effects on the
relevant spectra.

CONCLUSIONS

Compared to LC methods, HF FIFFF demonstrates the
following interesting peculiarities when coupled to ESI/TOFMS
for the analysis of intact proteins: (a) in-line sample desalting
capabilities; (b) possibility of employing any mobile phase to (1)
assess the best ESI compatibility and (2) minimize degrading
conditions; (c) absence of stationary phase. Features (b) and (c)
make the HF FIFFF retention mechanism particularly soft to

(50) Hernan, R. A;; Sligar, S. G. J. Biol. Chem. 1995, 270, 26257—26264.
(51) Hrkal, Z.; Vodrazka, Z. Biochim. Biophys. Acta 1967, 133, 527—534.
(52) Kilmartin, J. V. Br. Med. Bull. 1976, 32, 209—212.
(53) Baldwin, J. M. Br. Med. Bull. 1976, 32, 213—218.
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fractionate proteins, even high molar mass proteins, based on
differences in the protein diffusion coefficient, by preserving the
noncovalent chemistry and then maintaining the fractionated
proteins in their native (or pseudonative) form. Fractionation
capabilities of our HF FIFFF version are equivalent to that of flat-
channel, commercial FIFFF systems. However, for on-line coupling
with ESI/TOFMS, HF FIFFF shows advantages such as possible
disposable usage and low volume of the channel to (a) avoid run-
to-run sample carryover, (b) reduce sample dilution and flow rate
conditions, and (c) shorten separation time. Feature (b) can
decrease the detection limits, which could be further decreased
by using narrow-hore hollow fibers for nano HF FIFFF channels
coupled with nanospray MS. Nano HF FIFFF may also increase
separation efficiency. Low detection limits and high separation
efficiency are key aspects in the identification and characterization
of whole proteins present at low abundance in complex samples.
Work is in progress to develop nano HF FIFFF. However, even
though it is generally acknowledged that higher resolution should
be required to improve HF FIFFF performance with complex
samples, it must be noted that the high diffusion-based selectivity
makes HF FIFFF intrinsically able to distinguish even small
heterogeneities in terms of protein diffusion coefficient. In our
opinion, this makes HF FIFFF-ESI/TOFMS unique in its ability
to characterize intact proteins and possible changes in their
structure as a consequence of either denaturation, aggregation,
or interaction of the proteins with other species. We believe that
HF FIFFF may be used as a complementary rather than an
alternative separation technique of interesting potential when
implemented in MS-based, multidimensional approaches to top-
down or functional proteomics.
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