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Abstract

A method of homogeneously derivatizing large proteins for highly sensitive analysis is described. Homogeneity of the
derivative was realized by tagging all the free amino groups of proteins. With this method, a-chymotrypsinogen A,
ovalbumin and bovine serum albumin were derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC).
Prior to the derivatization, all the proteins were reduced and alkylated. After reacting the resulting unfolded proteins with
excessive amounts of AQC, the samples were analyzed with matrix assisted laser desorption ionization–time of flight-mass
spectrometry (MALDI–TOF-MS) to determine the derivatization degree. The results indicated that all three proteins had
been, or had almost been, fully derivatized. HPLC and CE were used for characterizing these protein derivatives. Under the
optimized fluorescence detection conditions, the detectability of the tagged proteins was 2400–6200 times better than that
detected at UV 280 nm, 170–300 times better than detected at UV 214 nm, and 150–420 times better than measured with
their native fluorescence.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction ing better reagents, the derivatized proteins can emit
more intense fluorescence than the aromatic groups

Fluorescence has become one of the most sensitive of proteins.
methods for detecting proteins separated by HPLC There have been many publications reporting the
and CE [1,2]. There are currently two main fluores- use of derivatization methods for improving a pro-
cent methods available for protein analysis. One is to tein’s detectability [1,6–10]. While the method has
use the native fluorescence emitted by the aromatic been demonstrated efficient in enhancing the sen-
amino acid residues, i.e. tryptophan, phenylalanine sitivity of protein analysis, the products of almost all
and tyrosine [3–5], and the other is to tag the the tagging reactions were found heterogeneous, i.e.
proteins to form a derivative that can emit fluores- multiple derivatives were produced from the re-
cence. Although the fluorescence emitted from the actions [11–16]. The heterogeneity in the tagged
native protein can be intensive, not all proteins products was demonstrated by observing multiple
generate a useful native fluorescent signal. By select- peaks when the products were analyzed by HPLC

and/or CE. This has limited the application of such
methods for protein analysis.*Corresponding author. Tel.: 11-617-373-2862; fax: 11-617-
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fact that there are usually many tagging sites in each commercial availability. However, the established
protein molecule available for the reaction. Among derivatization procedure for small proteins was
all the groups in proteins selected for derivatization, shown inefficient when applied to larger proteins,
the amino group is most commonly used. However, such as a-chymotrypsinogen A (CTA) and bovine
virtually all proteins contain multiple amino groups. serum albumin (BSA). We report here our latest
For example, bovine serum albumin (BSA) has 60 work on fully derivatizing these larger proteins by
amino groups in each molecule [17]. Another factor reducing and alkylating them before the derivatiza-
is the three-dimensional structure of proteins, which tion step was performed. To the best of our knowl-
makes it difficult for some amino groups to be fully edge, this is the first time that large proteins have
accessible to the reagent. As a result, a mixture of ever been homogeneously derivatized.
derivatives is usually formed which contains prod-
ucts tagged with a different number of tags or at
different sites. 2. Experimental

Several approaches have been taken to solve this
problem. Post-column derivatization of proteins has 2.1. Chemicals
been reported [18–20]. Since the proteins were
tagged after separation, multiple peak formation Three proteins, CTA, ovalbumin and BSA, were
caused no problems with subsequent detection. In used as models for the current work, all from Sigma
another approach, Bank proposed adjusting the de- (St. Louis, MO), and used without further purifica-
rivatization buffer to a lower-than-normal value, tion. Dithiothreitol (DTT) and sodium iodoacetate
which would discriminate derivatization of e-amino were also purchased from Sigma. The AccQ-Tag
groups from a-amino groups of small peptides [21]. reagent kit, including AQC and a borate derivatiza-
However, this method has only been reported for tion buffer (0.2 M, pH 8.8), was from Waters
small peptides. Dovichi’s group reported attaching (Milford, MA). Other chemicals were the products of
the label to small peptides by first taking the peptide either Sigma or Fisher Scientific (Pittsburgh, PA).
through one cycle of the Edman degradation reaction
[16]. Wu and Brand converted the N-terminal, a- 2.2. Reduction and alkylation of proteins
amino group into a reactive carbonyl group using a
transamination reaction, which then reacted with a The reduction and alkylation of proteins was
chromophore [22]. Amir et al. used tert.-butyl- performed based on a method reported by Takeda et
azidoformate to protect e-amino groups from react- al. [31]. CTA (10 mg) and ovalbumin (10 mg) were
ing with the fluorescent probe they used [23]. each first dissolved in 3.5–4.0 ml of a buffer
However, these methods have only been used for containing 0.2 M phosphate, 8 M urea and 1 mM
small peptides. The current progress in tagging EDTA, pH 8.0. BSA (7.5 mg) was first dissolved in
proteins and peptides has recently been reviewed 0.2 ml water, as it was not completely soluble in the
[24]. buffer. DTT was then added to the protein solutions

Our group has recently reported fully derivatizing for reduction (CTA/ovalbumin/BSA: 5.2 /1.8 /4.0
peptides and small proteins, such as insulin and mg). After flushing with nitrogen, the samples were
lysozyme, by using 6-aminoquinolyl-N-hydroxysuc- incubated at room temperature for 2 h. Finally,
cinimidyl carbamate (AQC), a very active derivatiza- sodium iodoacetate was added to the samples for
tion reagent [25–27]. The derivatization was simply alkylation (CTA/ovalbumin/BSA: 14/5.0 /11.2 mg).
done by mixing proteins with AQC with or without The reaction was performed in the dark for 40 min.
SDS present. AQC was originally used as a fluores- To stop the reaction, an excess amount of DTT
cent reagent for amino acid analysis [28–30]. We (approximately two times the molar amount of
selected it as the fluorescent reagent for peptides and iodoacetate) was added to the samples, and, immedi-
proteins because of its reactivity in tagging amino ately after that, the reduced and alkylated (RA)
groups, its simple derivatization procedure, the samples were transferred to Slide-A-Lyzer 10K
strong fluorescent intensity of the derivatives, and its dialysis cassettes from Pierce (Rockford, IL) for
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overnight dialysis. The dialysis was performed either amino acids in the resulting hydrolysates, and using
against water containing 0.05% triethylamine (TEA) an AQC precolumn derivatization method similar to
or 0.2 M borate (pH 8.8) containing 12.5 mM a previously reported one designed for separating
sodium dodecyl sulfate (SDS). amino acids in cell culture fluids [30]. A 2–5-mg

amount of protein was transferred for hydrolysis and
2.3. Derivatization of the RA samples derivatization, which were carried out as previously

reported [28].
For the derivatization of RA CTA, 320 ml of a

dialyzed RA CTA solution in the borate–SDS buffer 2.6. Flow injection analysis (FIA) of native and
(concentration: 0.71 mg/ml) was mixed with 240 ml derivatized proteins
of 10 mM AQC. A 100-ml amount of a dialyzed RA
ovalbumin in the TEA buffer (1.1 mg/ml) was FIA was carried out on a Waters HPLC system,
mixed with 300 ml of 0.2 M borate, pH 8.8, 100 ml which included a Model 2690 Separation Module
of 10 mM AQC, then 400 ml more AQC solution. A connected to a knitted open tubular reactor (KOT)
600-ml amount of the borate buffer was added to 200 [32,33]. The volume of the KOT was |0.5 ml.
ml of a RA BSA solution (TEA buffer, 0.75 mg/ml), Depending on the type of samples injected, different
followed by adding 200 ml of the AQC solution. detectors were connected to the KOT for detection.
After the derivatization, all the samples were heated If the sample injected was a native protein, a Model
at 558C for 10 min. A part of each sample (|0.5 ml) 486 UV detector was employed, with its wavelength
was then transferred to a 10K Slide-A-Lyser cassette, set at 280 nm. If the sample was derivatized,
and dialyzed overnight against 1500 ml 0.05% TEA however, the UV detector was replaced with a Model
in water. The reduced, alkylated and derivatized 474 scanning fluorescence detector. The fluorescence
(RAD) CTA and RAD ovalbumin cassettes, in which detector was equipped with a 5- or 16-ml flow cell,
a precipitate was observed, were then moved to a with its excitation and emission wavelengths ad-
solution of 0.05% TEA/acetonitrile at 8 /5 (v /v) for justed to 250 and 395 nm, respectively. When a
30–40 min or until the precipitate disappeared. native protein solution was injected, a 50 mM

phosphate buffer, pH 6.85, was prepared as the
2.4. MALDI–TOF-MS conditions mobile phase. When a derivatized protein sample

was analyzed, the mobile phase was replaced with a
The MALDI–TOF-MS was performed with a combination of the phosphate buffer (10–80%), 6 M

Voyager-DE STR system from PE Biosystems urea (20%) and acetonitrile (0–70%). The flow rates
(Framingham, MA). A delayed extraction mode was of the mobile phases were both set at 1 ml /min.
used for MW measurement of the proteins. The Before FIA was carried out, all the RAD stock
matrix used was a saturated sinapinic acid solution in solutions were dialyzed to remove any interfering
one part of formic acid, three parts of water and two components from the samples.
parts of iso-propanol. Before being analyzed by MS,
the matrix was mixed with an equal volume of each 2.7. HPLC
sample. Mode of operation of MS system: linear.
Extraction mode: delayed (300 ns). Polarity: positive. Two HPLC systems, both from Waters, were set
Accelerating voltage: 25 000 V. Grid voltage: 90%. up for running the tagged and native proteins. While
Laser intensity: 2200–2550. Number of laser shots: the first system was the same as used for FIA, as
100/spectrum. Calibration type: external. Low mass described above, except that the KOT was replaced
gate: 2000–4500. with a column, the second system was composed of

a Model 616 pump, a Model 715 autosampler and a
2.5. Determination of protein concentration Model 470 fluorescence detector. Depending on the

chromatographic mode used, the column connected
Concentrations of the RAD proteins were mea- to both systems was either a Symmetry 300 C18

sured by hydrolyzing the proteins and analyzing the reversed-phase column (3.93150 mm) or a Shodex
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KW-804 size exclusion chromatography (SEC) col- were dialyzed to remove excess reagents and chemi-
umn (Waters). For reversed-phase separation of the cals from the RA samples. Preliminary experiments
tagged CTA, the mobile phase contained 40–50% of showed that RA samples were apt to precipitate if an
50 mM Tris, pH 7.0, 30% of acetonitrile and 20– inappropriate dialysis buffer was used. Since the
30% of 6 M urea. When the same system was used samples would be subject to a derivatization reaction
for running native CTA, however, the mobile phase after being dialyzed, this compatibility was another
was changed to a combination of 58% of 0.1% factor to consider when selecting the buffer. Two
trifluoroacetic acid (TFA) in water and 42% of buffers were found that could keep the RA proteins
0.085% TFA in acetonitrile. For SEC of the tagged in solution, while also being compatible with the
proteins, the mobile phase was composed of three derivatization reaction. One was a 0.2-M borate
eluents: 50 mM phosphate with a pH of 6.85 (30%), buffer containing 12.5 mM SDS, while the other was
acetonitrile (50%) and 6 M urea (20%). For SEC of 0.05% TEA. When the dialyzed RA samples were
the native proteins, however, the mobile phase was tagged with AQC, the first buffer had the advantage
replaced with a combination of 50 mM phosphate of making the reaction readily occur, as no additional
(85%) and 1 M sodium chloride (15%). The flow borate buffer was required. The main disadvantage
rates for all the modes of chromatography were set at of the first buffer was the presence of SDS, which
1 ml /min. The settings of the fluorescence detector was difficult to remove from the samples. In the
were the same as used for FIA. current studies, both buffers were used for the

dialysis step.
During the derivatization procedure, no precipi-

2.8. Capillary zone electrophoresis (CZE) tation was found for the proteins, even though they
were derivatized at a relatively high temperature.

A Quanta 4000 capillary electrophoresis system After the dialyzed samples were derivatized with a
was used for the CZE separation of the native as well large excess AQC (at least eight times the total molar
as the AQC tagged proteins. A 60-cm350-mm amount of the amino groups), the samples were
uncoated capillary was installed on the system. The further prepared for MALDI–TOF-MS analysis.
running buffer was 10 mM tetraborate, pH 9.2, the Dialysis was again used as the method to remove
detection was carried out at UV 214 nm, and the run SDS, sodium borate or other components that would
voltage was set at 20 kV. The injections were made interfere with the analysis. Initially, the 0.05% TEA
with a hydrostatic mode, with an injection time set at was tried as the dialysis buffer. However, a precipi-
15–45 s. tate was found in all the reduced, alkylated and

derivatized (RAD) samples. Further experiments
showed that the precipitate could be redissolved if
dialyzed against a mixture of the TEA buffer with3. Results and discussion
acetonitrile at a 8:5 ratio. This two-step-dialysis
(precipitating and redissolving) procedure was then

3.1. Sample preparation used as an optimized sample preparation method for
all the RAD samples. The acetonitrile-containing

Before derivatization, all the model proteins were buffer was not selected for use from the beginning of
fully unfolded by reducing the disulfide bonds and the dialysis, as it was suggested that, in the long run,
alkylating the resulting thiol groups. When selecting the high concentration of acetonitrile in the buffer
an alkylation reagent, sodium iodoacetate was pre- would dissolve the material supporting the mem-
ferred rather than iodoacetamide because it and brane. Moreover, precipitation of the proteins was
therefore, its products, would be more hydrophilic. thought to be helpful for efficiently removing SDS.
In contrast to its acid form, sodium iodoacetate was When the second dialysis step was performed against
easier to use, as no pH adjustment of the reaction the acetonitrile-containing buffer, the dialysis was
mixture was necessary. stopped immediately after the precipitate disappeared

After being reduced and alkylated, the proteins (|30 min).
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3.2. MALDI–TOF-MS measurement of tagged from the differences in MW before and after modi-
amino groups of the model proteins fication.

CTA has a molecular weight (MW) of 25 666.
To measure the extent of modification to the There are 15 amino groups (including the aliphatic

reactive groups of the model proteins (disulfide epsilon-amino of lysine and the alpha-amino group
bonds, amino groups) by the reduction and alkylation of the N-terminal amino acid) and five disulfide
and by derivatization with AQC, the native proteins, bonds on each CTA molecule [34]. The most up-
as well as their RA and RAD samples, were ana- dated molecular weight of BSA is 66 430 [17]. Each
lyzed by MALDI–TOF-MS. The measurement BSA molecule has 60 amino groups and 35 cysteine
principle was based on the fact that the modification residues. As previously reported [35], there are 17
of iodoacetate would result in an increase of 59 Da disulfide bonds on each BSA molecule. Ovalbumin
in MW of the native protein, and that one AQC tag has an MW of 44 287. As can be seen from its
to an amino group of a protein would result in an reported sequence [36–38], it has 21 amino groups
increase of 170 Da in MW of the derivatized and three disulfide bonds. However, its total amino
molecule. The numbers of the alkylated thiol groups group number is actually 20, since its N-terminus is
and the tagged amino groups were then determined acylated [39].

Fig. 1. MALDI–TOF-MS spectra of ovalbumin. (a) Native ovalbumin (0.36 mg/ml); (b) RA ovalbumin (1.0 mg/ml); (c) RAD ovalbumin
(0.068 mg/ml). Matrix: saturated sinapinic acid.
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Shown in Fig. 1 are the spectra of native (a), RA As seen from Table 1, the disulfide bonds of CTA
(b), and RAD (c) ovalbumin. In (a), The peak with a have all been reduced and alkylated, and all the free
MW of 44 180 corresponds to the native ovalbumin. amino groups have been derivatizated. There might
There is another peak in (a) which has a MW of be one intact disulfide bond left on the ovalbumin
22 056. It is believed to be the peak of the doubly- molecules after alkylation, but the extent seemed to
protonated ovalbumin. As can be seen from (b) and be enough for fully tagging all the free amino groups
(c), the measured MWs of the RA and RAD oval- on the molecules. With most disulfide bonds of BSA
bumins were 44 400 and 47 832, respectively. Ex- broken, the number of amino groups that were
cept for the main RAD ovalbumin peak, there were tagged with AQC was measured as 58.060.5 (n52),
no other peaks observed in the mass range of very close to 60, the number of total amino groups
44 000–48 000 in (c). The spectra of CTA and BSA on BSA.
were similar to those of ovalbumin (spectra not From these MALDI–TOF measurements, one can
shown). Table 1 summarizes the measured MW of all see that, by reduction and alkylation, all the amino
the native, RA and RAD proteins, as well as the groups of CTA and ovalbumin have been completely
calculated number of thiol alkylations and amine derivatized. For BSA, the tagged number of amino
modifications. groups is still 2.0 less than that of the theoretical

Fig. 1. (continued)
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Fig. 1. (continued)

Table 1
MALDI–TOF-MS data of the model proteins and calculation results

Protein CTA Ovalbumin BSA

Native RA RAD Native RA RAD Native RA RAD

Measured MW 25647 26 262 28 854 44 180 44 400 47 832 66 432 68 226 78 078

Calculated number 10.4 3.7 30.4
of alkylations

Number of cysteine 10 6 35
residues per
molecule

Calculated number 15.2 20.2 58
of AQC derivatizations

Number of free amino 15 20 60
groups per molecule



927 (2001) 77–8984 H. Liu et al. / J. Chromatogr. A

number. This might result from incomplete reaction, under fluorescence detection, RAD samples with
measurement error, and/or the unavailability of various concentrations (BSA: 4.4 mg/ml, ovalbumin:
those groups to tagging. 4.1 mg/ml, CTA: 5.5 mg/ml) were injected into the

Besides the method described above, a simpler FIA system. Urea was employed in the mobile phase
derivatization method was also tried for BSA’s to keep the RAD proteins in solution. In Fig. 2,
homogeneous derivatization. In this method, native acetonitrile affected the fluorescence intensity of
BSA was reacted with AQC directly without being each protein in a very similar way. The fluorescence
reduced and alkylated first. However, a MALDI– signals were very small when the acetonitrile con-
TOF-MS spectrum of the resulting tagged BSA centration was low in the mobile phase (,20%).
indicated that the derivatization was less complete However, they were significantly increased when
than that with reduction and alkylation involved higher concentrations of acetonitrile were present in
(data not shown). Using the difference between the the mobile phase. The signals reached the highest
MW of the native BSA and that of tagged BSA level at an acetonitrile concentration around 60%,
indicated from the apex of the BSA peak, the and then decreased when the concentration was
number of amino groups that were derivatized was higher, probably because of the insolubility of the
only 44, far fewer than the number tagged in RAD proteins in a solvent containing mostly acetonitrile.
BSA (58.0). The fluorescence intensities of these proteins were

60–170 times higher in 60% acetonitrile than those
3.3. RAD protein’s fluorescence responses as a in a purely aqueous solution.
function of % acetonitrile (ACN) in the mobile The above significant effect of acetonitrile con-
phase centration on the fluorescence intensity of the RAD

proteins could be caused by one of two factors, the
One major factor that significantly affected the aqueous quenching effect and the emission spectral

fluorescence responses of the RAD proteins was the shifts as a function of solvent changes [40]. We
concentration of acetonitrile in the mobile phase. demonstrated that the spectrum of RAD ovalbumin
This can be seen from Fig. 2, in which the FIA peak had similar profiles under different acetonitrile con-
responses of all three proteins were plotted as a centrations (data not shown), which made us believe
function of the acetonitrile concentration in the that the effect was probably caused by the quenching
mobile phase. To measure the FIA peak heights effect.

3.4. Chromatography of the tagged proteins

The purpose of chromatography, and CE as de-
scribed below, of the tagged proteins was to check
their homogeneity. If there were multiple peaks
found in a chromatogram (electropherogram) of a
tagged protein, the protein was then probably
heterogeneously derivatized. However, if there was
only one peak in the chromatogram, the protein was
then probably derivatized homogeneously. Fig. 3a is
a reversed-phase chromatogram of a RAD CTA
sample, in which only one main peak was found.

Fig. 2. RAD protein fluorescent response as a function of This peak has a plate count of 36506130. To keep
acetonitrile concentration. RAD BSA: 4.4 mg/ml; RAD oval- the protein in solution, the mobile phase was at a
bumin: 4.1 mg/ml; RAD CTA: 5.5 mg/ml. Injection volume: 10

basic pH, and urea was added to the mobile phase.
ml. Mobile phase contained 20% of 6 M urea and 10–80% of 50

Shown in Fig. 3b is a UV chromatogram of a native,mM phosphate. Flow cell of the fluorescence detector: 5 ml. See
Experimental section for other conditions. untagged CTA sample separated with the same
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Fig. 3. Reversed phase chromatogram of CTA. (a) RAD CTA (110 mg/ml); (b) native CTA (2 mg/ml). In (a), mobile phase: 30% of 50
mM phosphate, pH 6.85150% acetonitrile120% of 6 M urea; injection volume: 1 ml; detection: fluorescence (16-ml flow cell). In (b),
mobile phase: 85% of 50 mM phosphate, pH 6.85115% of 1 M; injection volume: 10 ml; detection: UV 280 nm. See Experimental section
for more detailed conditions.

column, but with a TFA mobile phase, a more tic of both RAD protein peaks was that they both
commonly used mobile phase for reversed-phase migrated more slowly than their native forms. The
HPLC of proteins. Under conditions similar to those likely explanation is that after the amino groups were
used for RAD CTA and native CTA samples, the tagged, a protein’s mobility became smaller under
ovalbumin and BSA samples were also injected into the given CZE conditions since they were less
the system. The RAD ovalbumin peak was very positively charged. The plate count of the RAD BSA
similar to that of RAD CTA (figure not shown). peak (12 13062040) was greater than native BSA
However, the RAD BSA did not elute from the (51406280). However, a comparison of the RAD
column, probably due to its high hydrophobicity ovalbumin peak (plate count 21606350) with its
after derivatization. A main protein peak was ob- native form was not made, since there were several
served when the RAD BSA was run with SEC peaks in Fig. 4b, the electropherogram of the native
(figure not shown). These results suggested that the ovalbumin, probably due to several isoforms existing
RAD proteins were most likely homogeneously in the sample.
derivatized. A RAD CTA sample was also run with the same

CZE system as used for RAD BSA and ovalbumin,
3.5. CZE of the tagged proteins and a peak corresponding to the CTA was observed,

with a peak shape similar to other RAD proteins
Figs. 4 and 5 show the electropherograms of the (figure not shown).

RAD ovalbumin and BSA, respectively, as well as In contrast to what we observed for CZE peaks of
their native proteins. The RAD ovalbumin peak in derivatized peptides and small proteins, which were
Fig. 4a and RAD BSA peak in Fig. 5a were the only extremely sharp [25], the CZE peak shapes of these
protein-related peaks observed. This was demon- larger proteins were broad. The reason for this
strated by the fact that all the other peaks dis- phenomenon was unknown. However, the peak
appeared after the samples were dialyzed and re- shapes of these derivatized, large proteins were
injected (data not shown). One common characteris- indeed improved, as compared with those of the
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Fig. 4. CZE of ovalbumin. (a) RAD ovalbumin (0.22 mg/ml), 15-s injection; (b) native ovalbumin (2 mg/ml), 45-s injection. Capillary: 60
cm350 mm (uncoated). Buffer: 10 mM tetraborate, pH 9.2. Voltage: 20 kV. Detection: 214 nm. Injection: 15 s.

Fig. 5. CZE of BSA. (a) RAD BSA (0.25 mg/ml), 15-s injection; (b) native BSA (2 mg/ml), 30-s injection. See Fig. 4 for the running
conditions.
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Table 2
FIA-derived detection limits of native and RAD proteins

aProtein (detection) Detection limit

ng nM

Native BSA (280 nm) 50 80
Native BSA (214 nm) 1.6 2.5
Native BSA (fluorescence) 2.2 3.3
Tagged BSA (fluorescence) 0.0081 0.012
Native ovalbumin (280 nm) 46 100
Native ovalbumin (214 nm) 1.6 3.6
Native ovalbumin (fluorescence) 1.4 3.3
Tagged ovalbumin (fluorescence) 0.0092 0.021
Native CTA (280 nm) 26 100
Native CTA (214 nm) 3.3 13
Native CTA (fluorescence) 4.6 18
Tagged CTA (fluorescence) 0.011 0.042

a Detection limits were calculated based upon three times the noise level.

same proteins in their native form, perhaps due to the proteins, had the lowest molar detection limit. On the
removal of the amino groups in these proteins. other hand, the RAD CTA, which had the fewest

tags, had the highest molar detection limit. This
3.6. Comparison of detectability of the tagged and indicated, under the detection conditions, a higher
native proteins tagging level would improve detectability of the

tagged molecules.
A comparison of the detectability of the tagged

and native proteins was made by FIA. The native
proteins were detected by both UV (214 and 280 nm) 4. Conclusion
and fluorescence (excitation wavelength: 280 nm,
emission wavelength: 337 nm), all with 50 mM Via reduction and alkylation, all the model pro-
phosphate, pH 6.85, as the mobile phase. The tagged teins studied have been fully, or nearly fully deriva-
proteins were monitored only with fluorescence. tized. Although the whole procedure is somewhat
Table 2 lists the calculated detection limits (sig- time-consuming, and tagging all the amino groups of
nal:noise 3:1) for each protein. Considering the protein may not be the best way of performing
interference of the FIA peak found in each blank derivatization, it seems that, currently, this is the
sample, the protein samples were prepared with a only way that possibly prepares a homogeneous
concentration of 4.1 mg/ml so that the concen- derivative of large proteins. It is expected that the
trations were high enough to make sure that most of same method can be applied to other large proteins
the response was due to the proteins. Although the for high sensitivity analysis. Since proteins can now
final sample concentrations were much higher than be homogeneously derivatized, they can be readily
the measured detection limits, the detection limit analyzed using HPLC, CE and other separation
data were still meaningful since they were only used techniques with better sensitivity.
for sensitivity comparisons. One can see that, by The potential problems in applying this technique
tagging with AQC, a protein’s detectability could be may be the solubility and hydrophobicity of the RAD
improved by as much as 2400–6200 times than proteins. Another problem is the quenching effect of
detected at UV 280 nm, 170–300 times than at UV the tagged molecules. Although these problems can
214 and 150–420 times than detected with native be solved by using appropriate solvents, this may
fluorescence. limit the application of the technique in cases where

As can be seen from Table 2, the RAD BSA, these solvents cannot be used.
which had the largest number of tags of the model Limited by the availability of instruments, LIF



927 (2001) 77–8988 H. Liu et al. / J. Chromatogr. A

[3] F.W.J. Teale, G. Weber, Biochem. J. 65 (1957) 476.detection was not used in the current report. It
[4] T.T. Lee, E.S. Yeung, J. Chromatogr. 595 (1992) 319.expected that, when a LIF detector is employed for
[5] T.T. Lee, E.S. Yeung, Anal. Chem. 64 (1992) 3045.the detection of the RAD proteins, the detectability
[6] I. Benito, M.L. Marina, J.M. Saz, J.C. Diez-Masa, J.

of these proteins will be significantly improved, Chromatogr. A 841 (1999) 105.
especially when a correct excitation wavelength is [7] P. Fadden, T.A.J. Haystead, Anal. Biochem. 225 (1995) 81.

[8] E.T. Wise, N. Singh, B.L. Hogan, J. Chromatogr. A 746selected.
(1996) 109.

[9] D.M. Pinto, E.A. Arriaga, D. Craig, J. Angelova, N. Sharma,
H. Ahmadzadeh, N.J. Dovichi, C.A. Boulet, Anal. Chem. 69

5. Nomenclature (1997) 3015.
[10] H.B. Lim, J.J. Lee, K.-J. Lee, Electrophoresis 16 (1995) 674.
[11] J.W. Jorgenson, K.D. Lukacs, Science 222 (1983) 266.ACN acetonitrile
[12] P.R. Banks, D.M. Paquette, J. Chromatogr. A 693 (1995)AQC 6-aminoquinolyl-N-hydroxysuccin-

145.
imidyl carbamate [13] G. Li, J. Yu, I.S. Krull, S. Cohen, J. Liq. Chromatogr. 18

BSA bovine serum albumin (1995) 3889.
CTA a-chymotrypsinogen A [14] G. Li, I.S. Krull, S. Cohen, J. Chromatogr. A 724 (1996)

147.CZE capillary zone electrophoresis
[15] J. Liu, Y.Z. Hsieh, D. Wiesler, M. Novotny, Anal. Chem. 63DTT dithiothreitol

(1991) 408.
FIA flow injection assay [16] J.Y. Zhao, K.C. Waldron, J. Miller, J.Z. Zhang, H. Harke,
KOT knitted open tubular reactor N.J. Dovichi, J. Chromatogr. 608 (1992) 239.
MALDI–TOF matrix assisted laser desorption [17] K. Hirayama, S. Akashi, M. Furuya, K. Fukuhara, Biochem.

Biophys. Res. Commun. 173 (2) (1990) 639.ionization–time of flight
[18] B. Nickerson, J.W. Jorgenson, J. Chromatogr. 480 (1989)MS mass spectrometry

157.MW molecular weight
[19] P.G. Coble, A.T. Timperman, J. Chromatogr. A 829 (1998)

RA reduced and alkylated 309.
RAD reduced, alkylated and derivatized [20] S.D. Gilman, J.J. Pietron, A.G. Ewing, J. Microcol. Sep. 6

(1994) 373.SDS sodium dodecyl sulfate
[21] M.J. Little, D.M. Paquette, M.D. Harvey, P.R. Banks, Anal.SEC size exclusion chromatography

Chim. Acta 339 (1997) 279.TEA triethylamine
[22] P. Wu, L. Brand, Methods Enzymol. 278 (1997) 321.

TFA trifluoroacetic acid [23] D. Amir, L. Varshavski, E. Haas, Biopolymers 24 (1985)
623.

[24] I.S. Krull, R. Strong, Z. Sosic, B.-Y. Cho, S.C. Beale, C.-C.
Wang, S. Cohen, J. Chromatogr. B 699 (1997) 173.Acknowledgements

[25] H.J. Liu, B.Y. Cho, R. Strong, I.S. Krull, S. Cohen, K.C.
Chan, H.J. Issaq, Anal. Chim. Acta 400 (1999) 181.

The authors are obliged to Drs Z. Wu, C. Costello [26] R. Strong, H. Liu, I.S. Krull, B.-Y. Cho, S.A. Cohen, J. Liq.
(Boston University, Medical School, Boston, MA) Chromatogr. 23 (2000) 1775.

[27] H. Liu, R.E. Strong, I.S. Krull, S.A. Cohen, Anal. Biochem.,and Dr P. Mabrouk (Northeastern University, Bos-
in press.ton, MA) for their helpful discussions. Financial

[28] S.A. Cohen, D.P. Michaud, Anal. Biochem. 211 (1993) 279.
support for this work was provided by Waters

[29] H.J. Liu, J. Chromatogr. A 670 (1994) 59.
Corporation and Zeneca Pharmaceuticals, Inc. (Wil- [30] C. Van Wandelen, S.A. Cohen, J. Chromatogr. A 763 (1997)
mington, DE). 11.

[31] K. Takeda, A. Wada, Y. Sato, S. Hamada, J. Colloid Interf.
Sci. 147 (1991) 51.

[32] K. Blau, J.M. Halket, in: Handbook of Derivatization For
References Chromatography, Wiley, New York, 1993, p. 331.

[33] C.M. Selavka, K.S. Jiao, I.S. Krull, Anal. Chem. 59 (1987)
2221.[1] M.J. Eggertson, D.B. Craig, Biomed. Chromatogr. 14 (2000)

[34] B.S. Hartley, Nature 201 (1964) 1284.156.
[35] J.R. Brown, Fed. Proc. 33 (1974) 1389.[2] P.R. Banks, Trends Anal. Chem. 17 (1998) 612.



927 (2001) 77–89 89H. Liu et al. / J. Chromatogr. A

[36] S.L.C. Woo, W.G. Beattie, J.F. Catterall, A. Dugaiczyk, R. [38] E.O.P. Thompson, W.K. Fisher, Aust. J. Biol. Sci. 31 (1978)
Staden, G.G. Brownlee, B.W. O’Malley, Biochemistry 20 433.
(1981) 6437. [39] M. Brinkly, Bioconjugate Chem. 3 (1992) 2.

[37] L. McReynolds, B.W. O’Malley, A.D. Nisbet, J.E. Fothergill, [40] J.D. Ingle, S.R. Crouch, in: Spectrochemical Analysis,
D. Givol, S. Fields, M. Robertson, G.G. Brownlee, Nature Prentice Hall, Englewood Cliffs, NY, 1988, Chapter 15, pp.
273 (1978) 723. 438–493.


