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Abstract We developed an ultra-sensitive method of amino
acid analysis (AAA) for the absolute quantification of less
than 100 ng of proteins, in solution or on polyvinylidene
difluoride (PVDF) membranes using an oxygen-free chamber
for protein hydrolysis. We used a pre-label method with 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate for fluores-
cence detection, ion-pair chromatography with a reversed-
phase column, and an ultra-high-pressure high-performance
liquid chromatography. We optimized both handling- and
instrument-dependent factors for accurate quantification and
showed that the least amount of proteins to quantify was
determined by handling accuracy rather than instrumental
limit for quantification which was 0.6 fmol/amino acid. As a
new evaluation method for the handling accuracy, we adopted
the protein identification by the obtained amino acid compo-
sitions by AAA and the Swiss-Prot database search without
the restriction of species. As a result, the least amount of
starting material for AAA was 16 ng (0.24 pmol) for a solution
of bovine serum albumin (BSA), 33 ng (0.50 pmol) for BSA
on a PVDF membrane, and 44 ng (0.15 pmol) for thyroglob-
ulin on a PVDF membrane. These results demonstrate that the
ultra-sensitive AAA developed in this study is feasible for
absolute quantification of biological significant protein.
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Introduction

Amino acid analysis (AAA) is classic but plays an important
role as quantitative method in many biological, biomedical,
and food analyses. AAA has been used for determination of
absolute amount of free amino acids, peptides, or proteins
not just for amino acid composition of proteins. The quan-
titative accuracy of AAA has recently been noted again and
many applications have been reported [1-6]. In proteomics,
mass spectrometry (MS) has become the most informative
tool and has replaced AAA as a qualitative technique and
also, most recently, as a quantitative method. Quantitative
MS requires an accurate amount of peptide or protein
calibrants; but gravimetric method based on the weighing
of solid analyte is unsuitable for the purpose since peptides
or proteins often contain unknown amount of bound salts
and/or hydrated water. AAA has become an important quan-
titative method in obtaining absolute amount of these
calibrants. Another benefit is that AAA is free of bias by
the amino acid sequence of proteins since the proteins are
completely hydrolyzed to the constituted amino acids before
AAA. Therefore, AAA is applicable to the proteins that are
not easy to be analyzed by sequence-dependent enzymatic
proteolysis plus MS such as Lys- and Arg-rich histones
(histones are inappropriate for application of MS with en-
zymatic proteolysis, because histones have many modifica-
tions on Lys and Arg residues that prevent a usage of typical
enzyme such as trypsin cleaving the carboxyl side of Lys or
Arg) or membrane proteins that possess large hydrophobic
moiety. A previously unknown histone modification, hy-
droxylation of Lys, was recently identified and quantified
by AAA [2]. In another example, the 3D structure of a
membrane protein in solution predicted by molecular dy-
namics simulations was experimentally confirmed from
quantification of intramolecular Cys—Cys bond formation
by AAA [3] (distance between two Cys residues of the
membrane protein can be estimated by quantification of
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intramolecular Cys—Cys disulfide bond formation since the
disulfide bond is formed when the two residues are posi-
tioned enough close to each other).

In the early 1950s, AAA was originally accomplished by
separation of amino acids with ion-exchange chromatography,
labeling of the amino acids with ninhydrin, and detection of
them by visible light absorbance [7, §]. The sensitivity of the
AAA with the ninhydrin detection is not sufficient for small
amount of proteins. Therefore, many sensitive methods for
detection of amino acids have been developed based on
chemical modifications of amino acids for fluorometry
[9—12] or MS [13-15] before amino acid separation by liquid
chromatography (LC), i.e., pre-column derivatization. In the pre-
column derivatization, the hydrophobicity of amino acids can be
enhanced, facilitating their separation by reversed-phase chroma-
tography, which prevents dilution of peaks and enhances the
sensitivity of detection. These pre-column labeling methods
provide femtomole to picomole sensitivity to AAA [16, 17]. In
this study, we quantified amino acids by a pre-column derivati-
zation with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQQ) for fluorescence detection because of three reasons: the
reagent react with all amino acids including the secondary amino
acids, the derivatized amino acid are stable at room temperature,
the derivatization reaction is linear with amount of amino acids,
and the excess reagent does not disturb analysis [12].

Because of development of highly sensitive AAA, quan-
tification of free amino acids can be readily achieved in sub-
picomole level, but obtaining accurate quantity of low-
abundance proteins (less than 100 ng) after hydrolysis steps
without or less contamination from environment is far more
difficult [18, 19]. For accurate quantification of amino acids
in protein samples, following three requirements must be
satisfied.

First, protein samples must be purified and rendered
homogeneous before hydrolysis, because the amino acids
of contaminant proteins cannot be distinguished from
those of the sample proteins. A favorite method for prep-
aration of homogenecous protein samples is sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) because of its inherent high resolution and sim-
plicity. Direct hydrolysis of proteins in polyacrylamide
gels causes the liberation of large quantities of ammonia,
which hinders the use of AAA because the excessive
ammonia consumes the reagent used for the pre-column
labeling of amino acids. To circumvent this issue, the
separated proteins are electroblotted onto a polyvinylidene
difluoride (PVDF) membrane and hydrolyzed on the
membrane [20, 21]. If the protein to quantify is not
isolated from other proteins, the amount of the protein is
unknown, whereas the total amount of protein mixture can
be known by sum of multiplying amino acid amount by
the each residual mass. Second, protein samples should be
completely and quantitatively hydrolyzed to amino acids.
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Many hydrolysis methods that utilize enzymes, strong
bases, or strong acids are available, and the proper method
depends on the aim of the analysis [22]. Hydrolysis using
hydrochloric acid (HCI) is currently universally applied to
AAA, because HCI can cleave peptide bonds completely
independent of the amino acid sequence and can easily be
removed from hydrolysates by evaporation. Except for la-
bile or inert amino acids under acidic conditions, most
amino acids are obtained quantitatively from proteins by
hydrolysis with HCI (see details in the “Experimental sec-
tion”). Furthermore, we have developed an automated hy-
drolysis system using a solid acid catalyst, which yielded
over 70 % of the amino acids recovered after conventional
hydrolysis of proteins with HCI [23]. Since the automated
system cannot be used for hydrolyzing electroblotted sam-
ples, HC1 was used in this study.

Third, contamination from environment during many com-
plicated operations, SDS-PAGE, electroblotting, and hydroly-
sis, must be prevented or restricted. Among them, the
hydrolysis of proteins is responsible for most analysis errors
and a precise technique for handling small amounts of samples
is necessary. Then a sufficient amount of protein, typically
from one to several micrograms, has been used to overcome
the contribution from potential contaminants for obtaining an
accurate amino acid composition [17, 18]. In the previous
work, highly sensitive AAA was reviewed, in which 0.5 pg
of bovine serum albumin (BSA) in solution was hydrolyzed
and a part of them, 45 and 100 ng, was quantified [16]. Cohen
et al. investigated in detail the relationship between hydrolyzed
protein amount of sample solution and average errors in the
composition dividing the categories according to the protein
amount: trace analysis (<100 ng), high sensitivity (100—
500 ng), low intermediate (500-100 ng), high intermediate
(1,000-2,000 ng), and high (>2,000 ng) [18]. They also
showed similar investigation of dot-blotted protein solution
to membranes collected from capillary electrophoresis [24].
In both cases, a steady increase in the average error as sample
amount decreases was observed. At the high sensitivity range
for proteins on the membrane and at the trace analysis range for
protein solutions, the average errors in the composition reached
around 20 % [18, 24]. The reduction of the contamination from
environment is most critical for accurate quantification of low-
abundant proteins. The purpose of this study is that the method
to obtain meaningful results from trace analysis (the amount
hydrolyzed<100 ng of proteins both in solution and on mem-
brane) is established by improving both handling- and
equipment-dependent factors. The accuracy of AAA for less
than 100 ng of proteins was evaluated by the accuracy of
amino acid composition and by assessing whether analyzed
proteins were correctly identified from the obtained composi-
tion using the Swiss-Prot database. Only ten or a few tens of
nanograms of BSA in solution or on a blotted membrane and
thyroglobulin (TG) on a blotted membrane were correctly
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identified and quantified. These results demonstrate that AAA
is a feasible method for biological significant proteins.

Experimental section
Reagents

BSA (A7638) and TG from bovine thyroid (T1001) were
purchased from Sigma (St. Louis, MO). Sample solutions of
BSA or TG were prepared on the basis of the dry weight of
the proteins. HCI, sodium tetraborate, Coomassie brilliant
blue (CBB) R-250, and tetrabutylammonium bromide
(TBA-Br) were purchased from Wako (Osaka, Japan). A
type H amino acid standard containing 17 amino acids
(2.5 mmol/l each) was purchased from Pierce Chemical
Co. (Rockford, IL), and LC/MS-grade acetonitrile (AN,
A955-212) was purchased from Thermo Fisher Scientific
Inc. (Waltham, MA). The phosphate buffer for chromatog-
raphy was made from sodium dihydrogen phosphate
monohydrate (NaH,PO4H,0, 106,346), and disodium hy-
drogen phosphate dihydrate (Na,HPO4-2H,0, 106,580) was
purchased from Merck KGaA (Darmstadt, Germany). 3-
cyclohexylamino-1-propanesulfonic acid (CAPS) was pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan).

Amino acids were analyzed after pre-column derivatization
with a fluorophore. The derivatization regent, AQC, was syn-
thesized as described in previous reports [12, 23], and purified
to avoid unnecessary peaks that are due to side reaction with
impurities of the synthesized AQC. The reagent is also com-
mercially available from Waters (Waters corp., Milford, MA).
For derivatization, the AQC powder was dissolved in dry
acetonitrile to provide a 3 mg/ml solution (about 10 mM).

Materials

Small glass tubes (6x32 mm, Crimp Top Vials, P/N: 03-
CVG, Chromacol, UK) for samples and glass vials (27.75 x
70 mm, P/N: 224832, Wheaton, NJ) as hydrolysis vessels
were pyrolyzed before use at 550 °C for 3 h to remove
organic substances. Mininert valves (No. SC-24, P/N:
10130, Pierce, IL) were used for vacuum sealing of the glass
vials before hydrolysis. The sample vials were heated by a
heat block bath (Thermo Alumi bath ALB-121, Scinics
Corporation, Tokyo, Japan) at hydrolysis.

Sample preparations
One-dimensional SDS-PAGE and electroblotting
One-dimensional SDS-PAGE was performed on commer-

cial pre-cast gels (§x8x0.1 cm, 12 wells, 5-20 % gradient;
Bio Craft Co., Ltd., Tokyo, Japan). The BSA or TG solution

was mixed with an equal volume of sample buffer (125 mM
Tris—HCI, pH 6.8; 4 % SDS; 20 % glycerol; 0.2 M DTT; and
0.0125 % bromophenol blue). Aliquots of the mixed solu-
tions were loaded onto individual lanes of polyacrylamide
gels and separated by electrophoresis at 10 mA for 3 h at
room temperature.

Electroblotting onto a PVDF membrane (ProBlott,
Applied Biosystems, Life Technologies Co., Carlsbad,
CA) was carried out using a tank blotting procedure (KS-
8451, System Instruments Co. Ltd., Tokyo, Japan). Before
electroblotting, the PVDF membrane was wetted in metha-
nol and was equilibrated in CAPS transfer buffer (10 mM
CAPS and 10 % methanol at pH 11.0) [25]. Blotting in
CAPS transfer buffer is useful in reducing the level of Tris
and glycine contamination from the polyacrylamide gel. The
membrane was handled with gloves and forceps to avoid
contamination from skin proteins. After electrophoresis, the
gel and the membrane were sandwiched between gel blot
papers (GB-003; Whatman, GE Healthcare) and were
placed in the blotting cassette in an ice box.
Electroblotting was carried out for 15 min at 0.5 A (constant
current) in the CAPS transfer buffer. Then, the membrane
was rinsed in Milli-Q water, stained with 0.2 % CBB for
1 min, and destained in the mixture of 50 % methanol and
7.5 % acetic acid at room temperature. The membrane was
finally rinsed in Milli-Q water, air-dried in a glove box, and
stored in doubled-over plastic bags in a refrigerator. In the
glove box, the electroblotted bands of BSA or TG on PVDF
membranes were excised over the inner plastic bag and
rinsed with 50 % acetonitrile in water before treatment with
20 mM HCI. Each piece of the membrane was placed in the
hydrolysis tube containing 50 pmol of norvaline as an
internal standard.

Solution samples

In the glove box, aliquot of BSA solution was placed in the
hydrolysis tube containing 50 pmol of norvaline as an
internal standard.

Gas-phase hydrolysis

The hydrolysis tubes containing the sample on the PVDF
membrane or in solution were set to a container with a cover
and brought into an oxygen-free chamber for hydrolysis that
we constructed. The chamber is under positive pressure of
nitrogen to prevent oxidation of samples and to prevent
contamination from the environment. After the sample con-
tainer was brought in it, hydrolysis procedures were started
when oxygen level in the chamber reached less than 0.1 %
detected by an oxygen monitor (JKO-O2LD II, JIKCO Ltd.,
Tokyo, Japan). The chamber is an appropriate glove box that
includes stuff needed for hydrolysis: a vacuum line, a
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centrifugal concentrator, the heat block bath, and reagents
for hydrolysis. The samples in the hydrolysis tubes were
dried by the centrifugal concentrator with the vacuum line.
The dried tubes were placed in the glass vial containing
200 pl of constant-boiling HCI and a piece of phenol crys-
tal. Then the vial was sealed under vacuum using the
Mininert valve and heated at 110 °C for 20 h by the heat
block bath [16, 23]. After hydrolysis, the sample tubes were
dried under vacuum.

Derivatization of amino acids

A standard solution containing a mixture of 50 pmol of
standard amino acids and norvaline, and the hydrolysate of
the BSA solution were derivatized by AQC as previously
described [16, 23]. The hydrolysate of BSA or TG from the
blotted band was derivatized by adding the AQC solution
directly into the hydrolysis tubes containing the PVDF
membrane, as follows: The membrane was wetted with
5 ul of acetonitrile, and then, 10 ul of 20 mM HCI was
added and vigorously stirred to extract the hydrolysate.
Borate buffer (25 pl and 0.2 M at pH 8.8) was added, mixed,
and finally 10 ul of the AQC solution was added. The
reaction mixtures were stirred immediately. After the mix-
tures were left to stand for 1 min at room temperature, they
were heated at 55 °C for 10 min. The derivatized solution
was transferred to a new tube before chromatographic anal-
ysis to avoid adsorption of amino acids onto the membrane
and piercing of the membrane by a needle of the
autosampler. A tenth of the derivatized solution was ana-
lyzed by high-performance liquid chromatography (HPLC)
as described in the next section.

Analytical procedures
Chromatography

AQC-amino acids of the hydrolysates and the standard
solution of amino acids were separated by ion-pair chroma-
tography using a reversed-phase column [16, 26]. An
Agilent HPLC system for ultra-high-pressure use (1200 SL
series, pressure resistance=600 bar) equipped with binary
pumps, a column oven, an autosampler, and a fluorescence
detector (excitation at 250 nm and emission at 395 nm) was
used. In this system, fluorescence signal can be amplified by
increasing the voltage applied to the photomultiplier of the
fluorescence detector. We used middle-range voltage, except
for obtaining the chromatogram of the 5-fmol amino acid
standard solution, in which signals were amplified by ap-
proximately a factor of 10 against other measurements. The
column used was an InertSustain C18HP column suitable
for ultra-high pressure (pressure resistance=500 bar), 3 pm,
3.0x250 mm (GL Sciences Inc, Tokyo, Japan). Elution
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buffer A was 95 % of 30 mM phosphate buffer (pH 7.3)
containing 5 mM TBA-Br as the ion-pair reagent and 5 %
acetonitrile, whereas elution buffer B was 50 % of 30 mM
phosphate buffer (pH 7.3) with 50 % acetonitrile. The dif-
ferent two elution programs were used based on column
condition: linear increases from 2 % B at time 0 to 7.3 %
B at 2.7 min, and then to 72.3 % B at 26 min or to 72.3 % B
at 35.4 min, followed by a wash with 99 % B for 1.8 min
and re-equilibration with 2 % B for 12.4 min. The column
was kept at 42 °C, the flow rate was 0.4 ml/min, and the
injected volume of the solution of AQC-derivatized amino
acids was 5 ul.

Quantification

Under the conditions of conventional acidic hydrolysis, Asn
and Gln are completely hydrolyzed to Asp and Glu, respec-
tively, and Trp, Cys, and cystine are partially destroyed [27].
We quantified Asp as the sum of Asp and Asn and Glu as
the sum of Glu and Gln. For quantitative analysis, 50 pmol
of the standard solution containing 17 amino acids (other
than Trp, Asn, and Gln) was derivatized by the same pro-
cedure used with the hydrolyzed samples. A tenth of the
total hydrolysate of the standard solution was injected onto
the column. We evaluated the amounts of 17 amino acids in
the samples by calculating the ratio of the peak height of an
amino acid in the sample to that of the same amino acid in
the standard. Total weight of amino acids was calculated by
sum of multiplying the obtained amounts of amino acids by
each residual mass. In all experiments for protein quantifi-
cation, each sample was hydrolyzed and analyzed three
times, and the standard deviation of the means was calcu-
lated as (X(experimental value—average value)*/2)".

Method validation

We derivatized 150 pmol of the amino acid standard, and the
derivatized solution was diluted to make a dilution series of
the standard. By plotting the quantified amount of AQC-Arg
against the injected amount of AQC-Arg, we ascertained the
linear range and the LOD (limit of detection) of the fluores-
cence detector. We defined the minimum amount that
maintained the linear response as the LOQ (limit of
quantification).

We validated the quantitative accuracy of AAA by pro-
tein identification using the amino acid compositions de-
rived from the analyses and a search program of a protein
database. For the Swiss-Prot database search, the ExXPASy
AACompldent tool was wused (http://web.expasy.org/
aacompident/) with constellation 2 (Asp+Asn=Asx, Gln+
Glu=Glx, and Cys and Trp are not considered) chosen
without any limit of species, isoelectric point, or molecular
weight of the proteins. Proteins, at amounts ranging from a
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few nanograms to several tens of nanograms, were quanti-
fied and validated. We defined the minimum quantity of
protein that was identified correctly by the database search
as the LOH (limit of handling).

Results and discussion
Chromatographic analysis of amino acids

Pre-column derivatization with fluorescent molecules en-
hances the hydrophobicity of amino acids and enables sep-
aration of amino acids by reversed-phase liquid
chromatography (RPLC), resulting in faster analysis and
higher sensitivity than that of conventional ion-exchange
chromatography. In the case of RPLC, hydrophilic mole-
cules elute earlier, and hydrophobic molecules are eluted
later, with progressive elution at increasing ratios of organic
solvents. In general, the fluorescence intensity of eluted
compounds is stronger in hydrophobic circumstances.
Therefore, in the case of fluorescence detection of eluted
samples of RPLC, the fluorescence intensity of samples that
are eluted later is stronger. The solvent effect leads to a
different response factor for each amino acid, and the
peak-areas of amino acids that are eluted earlier are almost
one fifth smaller than the later one [12]. It is more difficult to
quantify the amino acids with small response factors rather
than those with large response factors especially in extreme-
ly small amount of samples. To circumvent this issue, we
used an ion-pair reagent to enhance the hydrophobicity of
the AQC-derivatives of hydrophilic amino acids and to
reduce the solvent effect [26]. By application of the latest
ultra-high-pressure LC, we were able to use a long column
with small internal diameter and to improve theoretical
plate-number and signal-to-noise ratio of chromatograms
resulting in high sensitivity with excellent resolution.
Figure 1 represents the typical chromatogram of 5 fmol of
the AQC-amino acid standard (after subtraction of the chro-
matogram of the blank/water).

Quantification of small amounts of amino acids

The sensitivity and linear response range of the detector
need to be adequate enough to quantify small amounts of
proteins. These requirements depend on the two kinds of
limitations dependent on the performance of the fluores-
cence detector, LOD and LOQ. Usual photomultipliers,
including those in fluorescence detectors, have a linear
response range of two to four orders of sample quantities
against the intensity of incident light. Because the response
is not linear at both ends of the intensity plot, at the lowest
and highest intensities of incident light, the amounts of
amino acids cannot be quantified accurately even if the
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Fig. 1 Typical chromatogram of AQC-amino acid standards of 5 fmol
that subtracted a blank chromatogram of injection of water (gradient
condition, 2-7.3-72.3 % B/0-2.7-26 min)

signals are detectable. We defined the sample limit at which
the linear response is maintained as the LOQ and the lower
limit at which the signal from the amino acids is still
detectable as the LOD. We evaluated LOQ and LOD by
measuring the detector response to a dilution series of AQC-
Arg standards. The amounts of the AQC-Arg quantified are
plotted against the injected amounts of AQC-Arg in Fig. 2.
For our chromatographic condition and detection system,
almost four-order linearity from 0.6 fmol to 5 pmol was
observed, which means that the LOQ was 0.6 fmol. In
contrast, the LOD was 50 amol, as shown in Fig. 2.
Recent developments in MS have enabled highly sensi-
tive detection of free amino acids, and MS has also been
used for AAA. There are basically two main methods to
detect amino acids by MS. One of them is a non-labeling
method, in which the amino acids are detected without
derivatization. Miyano et al. [28] reported that the LOD of
the non-labeling-based MS detection was 10-90 fmol.
Another MS method is the pre-label method in which the
amino acids are derivatized with reagents that are selectively
cleaved during ionization and generate the same fragment
for selective reaction monitoring (SRM). The pre-label
method achieved an LOD of femtomoles to several tens of
attomoles [14, 15]. Since the advantages of SRM-MS are
high selectivity and short analysis time, SRM-MS is suitable
for metabolomics. To use these MS methods for quantifica-
tion of amino acids, however, expensive equipment and
stable isotope-labeled amino acids are needed, resulting in
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Fig. 2 Quantified amount of AQC-Arg was plotted against injected
amount. Linearity of detector response confined the limit of quantifi-
cation to 0.6 fmol, whereas limit of detection was 0.05 fmol

a high cost. Moreover, detection range for each amino acid
is relatively narrow: two to four orders in concentration of
amino acids [14].

The quantification of amino acids in proteins is more
complicated than that of free amino acids because of the
requirement for hydrolysis. The LOQ of amino acids in

Table 1 Amino acid contents of BSA

proteins depends on the quantitative recovery of amino
acids via protein hydrolysis.

Actual limit for quantification of small amounts of proteins

For the quantification of small amounts of proteins, not only
the LOQ but also the LOH dominates the quantitative re-
sults because one more process, hydrolysis, is needed before
quantification of the released amino acids. Hydrolysis con-
tains complicated operational steps that create a risk of
contamination from the environment to the samples.
Appropriate equipment, such as the oxygen-free chamber
for hydrolysis, gloves, and forceps, as well as a proper
technique for handling small amounts of samples, can pre-
vent the contamination. Generally, a blank sample tube is
simultaneously hydrolyzed with protein samples for back-
ground correction. Then the contributions from the contam-
ination that are the background peaks of the blank sample
are subtracted from the chromatogram of protein sample.
However, the contamination to protein samples is not nec-
essarily the same as that to the hydrolysis blank.
Furthermore, there is so far no guideline how extent of
contamination makes the quantification of proteins end in
failure. As a new guideline, we defined the limit of handling
accuracy, LOH, and adopted the protein identification by the
obtained amino acid compositions and the Swiss-Prot data-
base for evaluation of the LOH.

Theoretical
residue number

BSA solution (54 ng)*
amount (pmol)

BSA solution (16 ng)*
amount (pmol)

BSA solution (2.6 ng)*
amount (pmol)

blotted BSA (33 ng)?*
amount (pmol)

Arg (R) 23 19.2+0.47 (24.5)°
His (H) 16 13.4+1.00 (17.1)°
Ser (S) 28 22.7+0.45 (29.0)°
Gly (G) 16 14.9+0.23 (19.0)°
Thr (T) 33 27.9+0.68 (35.6)°
Pro (P) 28 22.3+0.60 (28.5)°
Ala (A) 47 38.6+0.87 (49.3)°
Asp (D) 55 44.4+1.40 (56.7)°
Glu (E) 79 71.0+1.90 (90.7)°
Tyr (Y) 20 14.4+0.28 (18.4)°
Val (V) 36 28.3+0.80 (36.2)°
Met (M) 4 3.33+0.13 (4.3)°
Lys (K) 59 48.6+1.20 (62.1)°
Ile (I) 14 10.940.31 (13.9)°
Leu (L) 61 49.3+1.40 (63.0)°
Phe (F) 27 21.7£0.56 (27.7)°
Total amount (ng)° 52 15

5.21+0.13 (23.1)°
3.79+0.12 (16.8)°
7.97+0.51 (35.3)°
6.00+1.20 (26.6)°
7.92+0.17 (35.1)°
6.5+0.24 (28.6)°

11.5+0.12 (50.9)°
12.6+0.26 (55.8)°
20.4+0.91 (90.3)°
4.06+0.25 (18.0)°
8.05+0.23 (35.7)°
1.27+0.19 (5.6)°

13.4+0.22 (59.3)°
3.54+0.18 (15.7)°
14.0+0.32 (62.0)°
6.18+0.14 (27.4)°

0.855+0.05 (21.0)°
0.618+0.03 (15.2)°
2.56+0.01 (63.0)°
1.94+0.03 (47.7)°
1.35+0.06 (33.2)°
1.02+0.04 (25.1)°
1.96+0.08 (48.2)°
2.27+0.11 (55.9)°
3.61+0.17 (88.8)°
0.729+0.03 (17.9)°
1.33+0.07 (32.7)°
0.205+0.00 (5.0)°
2.16+0.13 (53.1)°
0.760+0.19 (18.7)°
2.24+0.11 (55.1)° 30.2+0.03 (64.7)°
1.03+0.05 (25.3)° 13.3+0.10 (28.5)°
2.7 31

11.0+0.28 (23.6)°
6.96+0.10 (14.9)°
17.3+0.09 (37.1)°
13.3+0.15 (28.5)°
16.2+0.02 (34.7)°
14.1£0.01 (30.2)°
24.2+0.06 (51.9)°
26.0+0.02 (55.7)°
42.1+0.05 (90.2)°
9.72+0.12 (20.8)°
17.24+0.07 (36.9)°
1.09+0.20 (2.3)°

27.3+0.11 (58.5)°
6.96+0.10 (14.9)°

? These protein amounts were calculated from average of calculated protein amounts using obtained amounts of A, F, and L

°The values in parentheses were calculated residue numbers from the obtained amounts of amino acids

¢ The total amount was calculated by sum of multiplying the obtained amounts of amino acids by each residual mass
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We prepared three concentrations of BSA in solution,
containing 2.6, 16, and 54 ng of BSA, hydrolyzed the
samples, and quantified the constituted amino acids. The
amount of amino acids in picomoles and calculated total
amount of amino acids in nanograms by the sum of multi-
plying the obtained amounts of amino acids by each residual
mass are listed in Table 1. The calculated residue numbers
from the amount of amino acids and molecular weight of
BSA were also listed in Table 1. The residue number of the
sample with 54 ng of BSA matched the theoretical values,
whereas a slight increase was observed in Ser and Gly
values for the sample with 16 ng of BSA. We assessed
whether analyzed proteins were correctly identified by the
Swiss-Prot protein database search without the restriction of
species using these obtained composition and the ExPASY
AACompldent program. The results of the database search
for 54 and 16 ng of BSA (shown in Table 2) indicated that
both the samples were identified as BSA. However, the
residue number of 2.6 ng of BSA (listed in Table 1) deviated
from the theoretical values, especially for Ser and Gly, and
BSA was not hit until a rank of 10. From the results, the
LOH was 16 ng, or 240 fmol, of BSA in solution.

The LOQ of amino acids, 0.6 fmol, was one order lower
than the obtained LOH. However, the increase of Ser and Gly

prevented identification of the much smaller amount of pro-
tein such as 2.6 ng for BSA solution. If the database search
was performed using the calculated compositions of Ser and
Gly derived from the theoretical residue numbers and the
observed compositions of other amino acids, 2.6 ng of BSA
was successfully identified with a rank of 1. Since the increase
of Ser and Gly may be caused from a slight contamination
from the environment, the contamination should be excluded
or further minimized to accomplish the quantification of 1 ng
of protein, such as that achieved effectively by automation of
sample preparation and/or sample hydrolysis [23].

Quantification of proteins electroblotted to PVDF
membranes

The blotted protein bands are detected by staining with
CBB, with a detection limit around 50 ng that sets the least
value of LOH. We cut off the protein bands containing 33 ng
of BSA or 44 ng of TG, and the proteins were hydrolyzed on
the membrane. The obtained amounts and calculated residue
numbers of amino acids of the blotted BSA are listed in
Table 1. In Fig. 3, the chromatogram of the hydrolysate of
the blotted TG is shown. The injected amount of TG was
one-tenth of the hydrolysate, i.c., 4.4 ng (14.5 fmol). We

Table 2 The closest Swiss-Prot

entries from the ExPASy Rank Score Protein p! Mw

Description

AACompldent program without

the restriction of species, iso- BSA solution (54 ng)

electric point (p/), and molecular 1 2 ALBU_BOVIN 5.6 66,433 Serum albumin
weight (Mw) 2 6 ALBU_SHEEP 5.58 66,328 Serum albumin
3 11 ALBU_RAT 5.8 65,916 Serum albumin
4 11 ALBU_PIG 5.84 66,798 Serum albumin
5 11 ALBU MOUSE 5.53 65,892 Serum albumin
BSA solution (16 ng)
1 6 ALBU BOVIN 5.6 66,433 Serum albumin
2 11 ALBU SHEEP 5.58 66,328 Serum albumin
3 12 ALBU RAT 5.8 65,916 Serum albumin
4 13 ALBU_MOUSE 5.53 65,892 Serum albumin
5 14 ALBU_HORSE 5.72 65,752 Serum albumin
Blotted BSA (33 ng)
1 7 ALBU_BOVIN 5.6 66,433 Serum albumin
2 12 ALBU_SHEEP 5.58 66,328 Serum albumin
3 13 ALBU_MOUSE 5.53 65,892 Serum albumin
4 14 ALBU _RAT 5.8 65,916 Serum albumin
5 14 ALBU HORSE 5.72 65,752 Serum albumin
Blotted TG (44 ng)
1 5 THYG _BOVIN 5.5 301,219 Thyroglobulin
2 11 THYG_HUMAN 542 302,728 Thyroglobulin
The program constellation 2 3 15 MNMC_IDILO 5.54 67,069 RNA
(Asp+Asn=Asx, Gln+Glu= 4 16 THYG_MOUSE 5.32 302,414 Thyroglobulin
Glx, and Cys and Trp are not 5 17 THYG_RAT 5.04 30,252 Thyroglobulin

considered) was used
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Fig. 3 Chromatogram of hydrolysate of blotted TG. A blotted band
that contains 44 ng (145 fmol) of TG was hydrolyzed and a tenth of
them were injected. AMQ abbreviates 6-aminoquinoline that is formed
by hydrolysis of AQC. The asterisk-marked peak is an internal stan-
dard, norvaline (gradient condition, 2—-7.3-72.3 % B/0-2.7-35.4 min)

verified the quantitative accuracy by performing the database
search using the obtained amino acid composition. The com-
position matched the theoretical value, and the database search
identified the protein bands as BSA or TG with a rank of 1 as
shown in Table 2. The results mean the least value of LOH that
is determined by the CBB detection limit was achieved in this
study. The obtained LOH value for the electroblotted samples
was the same extent as solution samples.

In a previous report, Murayama et al. [17] analyzed a part
of the hydrolysate of a protein electroblotted onto PVDF,
which was 2.4 fmol of multidrug-resistant protein 1 (MDRI1,
160 kDa), and successfully identified it. However, they hy-
drolyzed an amount of MDR1 1,000 times larger than the
injected amount to eliminate the influence of contamination.
In other words, the LOH was 2.4 pmol in their case, although
2.4 fmol of MDR1 was identified. In another report, Cohen et
al. collected purified proteins by capillary electrophoresis onto
PVDF membranes and hydrolyzed 100-700 ng of the collect-
ed proteins on the PVDF membranes. They reported that
amino acid compositions of 100-700 ng of proteins were
obtained with average errors 9.9-21.3 % [24]. They also
pointed the average errors rose rapidly (30—-60 %) for 60 ng
hydrolyzed samples. In our method, accurate AAA was ac-
complished for an order of small amount of proteins by
accumulating small improvements in handling. For hydroly-
sate of 33 ng of BSA or 44 ng of TG on PVDF membrane, the
average errors in the amino acid composition observed was
12 %. Since percent recovery of blotted BSA from amount on
SDS-PAGE gel were reported as 35 % [29], 94 ng of BSA is
needed as starting amount for SDS-PAGE.

Conclusions

We improved the sensitivity of AAA to the following specifi-
cations; an LOD of 50 amol, an LOQ of 0.6 fmol, and four

@ Springer

orders of linearity. Critical manipulation before hydrolysis was
done in the oxygen-free chamber under positive pressure of
nitrogen to prevent oxidation of samples and to keep out dust.

In order to evaluate the LOH of proteins the protein iden-
tification was performed with the Swiss-Prot database search
using the obtained compositions of amino acids and the
ExPASy AACompldent tool. As a result, hydrolysates from
solution containing 16 ng (240 fmol) of BSA, a PVDF mem-
brane with 33 ng (500 fmol) of electroblotted BSA, and a
PVDF membrane with 44 ng (145 fmol) of electroblotted TG
were successfully identified. The LOH was less than one-tenth
of'that reported previously [17]. This method was practical for
the quantification of proteins, at less than 100 ng either in
solution or on PVDF membranes. In the case of 2.6 ng of
BSA, the increase in Ser and Gly prevented identification of
the protein. Thus a limitation of manual hydrolysis, namely
the LOH, was likely a result of contamination with Ser and
Gly from the environment. For further highly sensitive anal-
ysis, automation of sample preparation and/or sample hydro-
lysis will be effective in suppressing contamination and
facilitating the quantification of 1 ng of proteins.
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