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SUMMARY 

We report here systematic approaches to microanalysis of protein structures 
using narrow-bore high-performance liquid chromatography of protein, peptide and 
derivatized [phenylthiocarbamyl (PTC-) and phenylthiohydantoinyl (PTH-)] amino 
acids. The utilization of columns with small diameters (2 mm or less) has improved 
resolution and sensitivity and enabled protein structure analysis at the low pmol 
level. Preparative isolation of proteins and peptides of pmol quantity is achieved and 
separation and identification of PTC- and PTH-amino acids can be routinized at the 
low pmol to subpmol level. The use of diode-array detection enables simultaneous 
multiple-wavelength monitoring and spectral retreat, which greatly enhances flexi- 
bility and usefulness of the present methods, In combination with protein microse- 
quencing techniques, these narrow-bore high-performance liquid chromatographic 
procedures can facilitate structural analysis of minutely available proteins of bio- 
chemical and physiological significance. 

INTRODUCTION 

Recent progress in methodologies for protein structure determination has 
greatly improved the efficiencies of analyses of peptides and proteins. Among those 
methodologies, high-performance liquid chromatography (HPLC) has been often the 
method of choice for protein isolation; peptide separation, and analysis of amino 
acid derivativeslA3; and protein microsequencing has enabled highly sensitive protein 
sequence determination at the subnmol-low pmol leve14*5. These technical advances 
have facilitated studies on multigene families such as plasma proteins including im- 
munoglobulins and interferons, protein microheterogeneity caused by post-transla- 
tional processing of gene-derived polypeptides such as incomplete glycosylation and 
proteolytic cleavage6, and more strikingly, have facilitated generation of genes from 
proteins or proteins from genes via recombinant DNA technologies7. The former, 

* Part of this report has been orally presented at the Fgth International Symposium on HPLC of 

Proteins, Peptides, and Polynucleotides, November 4-6. 1985, Toronto. The majority of papers presented 
at this symposium has been published in J. Chromatogr., Vol. 359 (1986). 
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generation of genes from proteins, very often faces the problem of dealing with gro- 
teins which are difficult to prepare or only available at trace quantity. 

In the past several years, micro HPLC has emerged as a potential tool for 
micropreparation and microanalysis of polypeptides?. Commercially available re- 
versed-phase columns with diameters of l-2 mm are small columns which can be 
adapted for more sensitive separation of proteins, peptides and amino acids. How- 
ever, there has been no report describing systematic approaches to microanalysis of 
protein structure, particularly primary and secondary structures, using these small 
columns. We report here a series of narrow-bore HPLC of proteins, peptides and 
amino acid derivatives for protein structural analysis; and illustrate such an analysis 
using protein and peptide samples prepared from natural sources or obtained by 
recombinant DNA technologies. 

EXPERIMENTAL 

HPLC apparatus 
A Hewlett-Packard microbore LC system (HP1090) is used for microprepar- 

ation of proteins and peptides, and identification of phenylthiocarbamyl (PTC-) as 
well as phenylthiohydantoinyl (PTH-) amino acids. The system is equipped with a 
Hewlett-Packard autosampler and a diode array detector for automatic analysis and 
multiple-wavelength detection. A Nelson Analytical 4400 system using XTRA- 
CHROM software is connected to the chromatograph for data acquisition and pro- 
cessing. 

Protein pu$cation and peptide separation 
Recombinant human interleukin-2 Ala analogue [rMetHuIL_2(alal25)] was 

produced in genetically modified Escherichia coIi cells and the human urinary kalli- 
krein was isolated from urine. Preparation procedures for isolation of these proteins 
will be published elsewhere. Human macrophage colony stimulating factor (M-CSF 
or CSF- 1) was purified to homogeneity according to previous procedures9 and kindly 
provided by Dr. M. C. Wu (Department of Biochemistry, North Texas State Uni- 
versity, Denton, TX, U.S.A.). 

Tryptic peptides of proteins were generated by incubating protein sample (10 
pg), in 0.2 M ammonium bicarbonate, pH 8.0 buffer containing 1.0 mM calcium 
chloride, with N-tosyl+phenylalanyl chloromethyl ketone (TPCK)-treated trypsin 
(substrate-to-enzyme ratio = 50: 1, w/w) at 37°C for 6 h. Aliquots of tryptic digest 
were injected directly onto and separated in a narrow-bore C4 column (Aquapore, 
10 pm, 22 x 0.21 cm; Brownlee Labs.) using a gradient of acetonitrile in 0.1% 
trifluoroacetic acid (TFA). The flow-rate used for the C4 narrow-bore column was 
kept at 150 pl/min. For multiple-wavelength detection, the diode array detector was 
set at 215,254 and 280 nm to monitor chromophores arising from peptide bonds and 
aromatic amino acid side chains. 

Hydrolysis of protein and peptide samples 
Aliquots of protein and peptide samples (5-50 pmol) were transferred to 250~,ul 

microvials (Hewlett-Packard) which had been pre-cleaned and then heated at 600°C. 
Samples in vials were carefully dried using a Speed Vat centrifuge (Savant), vials 
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were placed in Pica-Tag (Millipore) vacuum vialslO. About 1.5-2.0 ml of 5.7 M 
hydrochloric acid (constant boiling) containing 0.2% phenol and 0.1% mercapto- 
ethanol were placed in the Pica-Tag vacuum vial. The vacuum vials were flushed with 
a stream of nitrogen and then sealed in v~cuo. Hydrolysis was carried out at 110°C 
for 24 h, at which time sample vials were removed from vacuum vials and dried 
before phenylisothiocyanate (PITC) derivatization. For analysis of cysteic acid after 
performic acid oxidation of the protein hydrolysate, mercaptoethanol is omitted from 
the hydrolysis acid. 

Phenylisothiocyanate derivatization of amino acids 
Coupling of protein or peptide hydrolysates with PITC was performed directly 

in the same hydrolysis vials as described above to avoid sample loss during transfer. 
Standard amino acids (l-5 nmol) and hydrolysates were derivatized with PITC using 
a modified coupling buffer [ethanol-trimethylamine-water (7: 1: 1, v/v)]. Trimethyl- 
amine (TMA) was specially purified and was free of any contaminating primary and 
secondary aminess. TMA (Eastman Kodak) which was added with isopropanol as 
a 25% solution was mixed with ninhydrin (3 g) and hydrindantin (0.3 g) and the 
mixture was stirred for 12 h at 25°C and stored at -20°C. TMA was then transferred 
from the mixture into ethanol-water (7:l) by bubbling the TMA solution with a 
small stream of nitrogen. Nitrogen bubbling was stopped when the desired TMA 
ratio was reached. The coupling buffer is stable at least for two weeks and is stored 
at -20°C after use. 

For PITC derivatization, samples were pre-mixed with 50 ~1 coupling buffer 
and dried under vacuum. The same volume of coupling buffer containing 2% (v/v) 
PITC was then added and gently mixed with dried samples. The reaction was carried 
out at 25°C for 15-20 min. After completion, the sample solution was thoroughly 
dried using a Speed Vat centrifuge. The derivatized samples were stored in freezer 
or redissolved in solvent A (50 mM sodium acetate, adjusted to pH 6.5 with phos- 
phoric acid) for immediate HPLC separation. 

Separation of PTC-amino acids 
Separation of PTC-amino acid derivatives was carried out by reversed-phase 

HPLC using an Altex narrow bore C 18 column (25 x 0.2 cm) and a gradient of 
solvent B in solvent A. Solvent A was 50 mM sodium acetate (pH adjusted to 6.5 
with phosphoric acid). Solvent B was 100 mM sodium acetate (pH adjusted to 6.5 
with phosphoric acidkacetonitrile-methanol(40:50:10). The column was equilibrat- 
ed in A-B (95:5) and operated at 40°C using a flow-rate of 0.25 ml/min. Separation 
was achieved using a linear gradient of 5 to 50% B in 15 min, followed by an isocratic 
elution with 50% B for 5 min. The effluent was monitored at 254 nm. 

Sequence analysis 
Automatic sequence analysis4sS was performed with a gas-phase sequencer us- 

ing either a standard program or a program designated as MHNVAC supplied by 
Applied Biosystems. Protein or peptide samples were loaded onto a glass fiber disc 
containing precycled polybrene and sodium chloride1 l. The PTH-amino acid sample 
obtained from each sequencer cycle was carefully transferred from Wisp (Millipore) 
vials to HP microvials (Part No. 5080-8779). 
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In later sequencing runs, 300~~1 microvials (Hewlett-Packard, Part No. 5180- 
0841, specific for HP1090 LC system), which correctly fit into the fraction collector 
in the sequencer, were used to replace Wisp vials for collection of S4 [methanol 
acetonitrile (9:1, v/v)] extract. This step has obviated tedious manual transfer and 
sample loss. After samples were completely dried, they were reconstituted in 12 mM 
sodium acetate (pH 4.1) containing 40% methanol. Usually an aliquot (5-15 ~1) of 
PTH-amino acid sample was analyzed by reversed-phase microbore HPLC. 

PTH-amino acids analysis 
Standard PTH-amino acid derivatives and samples obtained from sequence 

analysis were separated by reversed-phase micro LC using an Altex narrow-bore Crs 
column (25 x 0.2 cm). PTH-amino acids were separated using a gradient of solvent 
D (acetonitrile) in solvent C (12 mM sodium acetate, pH adjusted to 4.2 with acetic 
acid). The column was initially equilibrated with C-D (9O:lO) and operated at 47°C 
and the flow-rate of the mobile phase was 0.2 ml/min. Typical chromatographic 
conditions were as follows: lo-12% D for 1 min; 1240% D for 11 min; 40-55% D 
for 4.5 min; 55% D isocratic for 2 min and 55-60% D for 2 min. The column effluent 
was monitored at multiple wavelengths, i.e., 254, 270 and 313 nm. The results ob- 
tained from the multiple-wavelength detection were stored on a HP hard disc. The 
detection signals at 270 and 313 nm were also stored in a Nelson Analytical 4400 
data acquisition system. For immediate analysis of sequencing results, chromato- 
grams monitored at 270 nm were also recorded by a Shimadzu CR3A recording 
integrator. Attenuation parameter setting for this recorder was 0.004 a.u.f.s. for de- 
tection of low pmol (l-10 pmol) levels of PTH-amino acids or 0.002 a.u.f.s. for 
subpmol (0.5:2 pmol) levels. 

RESULTS AND DISCUSSION 

Protein purification and peptide separation 
The use of reversed-phase columns of small diameter has greatly improved the 

detection limit for the chromatographic separation of proteins. Fig. 1 shows the 
separation profile of 100 pmol (4 pg) of the purified preparation of human urinary 
kallikrein which is electrophoretically homogeneous, using an Aquapore C4 column 
(22 x 0.21 cm). The material in this preparation was resolved into two components 
whose partial N-terminal amino acid sequences are identical. Since these two com- 
ponents can be individually re-chromatographed at their respective retention time, 
the result does not represent a chromatographic artifact. They may differ in the extent 
of post-translational processing such as glycosylation and proteolysis such that their 
overall protein hydrophobic properties are differentiable by the reversed-phase col- 
umn. Observations of different iso-enzyme forms, glycosylation, and limited proteo- 
lytic processing have been reported on rat urinary and porcine pancreatic kalli- 
kreins12,13. 

The use of modified chromatographic conditions designed for columns of small 
diameters has effectively increased the concentration of the eluting proteins by mini- 
mizing sample dilution during the separation. Sample dilution resulting in reduced 
detectability often is observed with regular HPLC columns. Thus, higher sensitivity 
can be achieved with a sample load as small as several pmole of a protein, if columns 
with small diameters are used. 
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Fig. 1. HPLC separation of purified human urinary kallikrein (4 ,ug) in an Aquapore Cq column (lo-pm, 
22 x 0.21 cm). The mobile phase components are 0.1% TFA (A) and 90% acetonitrile in 0.1% TFA (B). 
The column was initially equilibrated with A-B (8515) at room temperature with a constant flow-rate of 
150 pl/min. The separation was obtained by the following gradient elution conditions: isocratic at 15% 
for 3 min; 1540% B for 57 min and 60-80% B for 10 min. The effluent was monitored at both 215 and 
280 nm. 

The same reversed-phase HPLC system can be used for the isolation of peptide 
fragments derived from enzymatic digestion of a narrow-bore column purified pro- 
tein. This is illustrated by the HPLC peptide mapping of a tryptic digest of rMet- 
HuIL-2(ala125). In Fig. 2A, a tryptic digest (1.0 pg) of rMetHuIL-2(alal25) was 
nicely separated using the same C4 column. The improvement of the instrumentation 
and detection allows mapping being performed at the low pmol level. Peptides in 
fractions obtained from such chromatography were subsequently subjected to high- 
sensitivity amino acid analysis and sequencing. 

The use of a diode-array detector has enabled the simultaneous designation of 
peptide fractions containing aromatic amino acids using detection at 280 nm. The 
chromatogram shown in Fig. 2A (top) is the separation profile of rMetHuIL- 
2(ala125) tryptic peptides detected at 280 nm. Spectral data of all peaks absorbing 
in the range of 210 nm to 400 nm were collected on a hard disc during the entire 
separation. An overlay of spectra taken at the peak maxima and the trailing edges 
is compared (Fig. 2B). The peptide containing a single tryptophanyl residue in rMet- 
HuIL-2(ala125) is thus identified in the fraction with a retention time of 48.5 min 
(Fig. 2B, spectrum c). Peptides containing tyrosine are found in fractions with reten- 
tion times of 25.1 min (Fig. 2B, spectrum b) and 50.6 min (Fig. 2B, spectrum d). 
These observations were confirmed by compositional and direct sequence analyses. 
Tryptophan and tyrosine contain only single and two degenerate codons, respective- 
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Fig. 2. (A) Peptide mapping of a tryptic digest of rMetHuIL-2(alal25) (1.0 pg) in an Aquapore C4 column 
detected at 214 nm (bottom) and 280 nm (top) Mobile phases and conditions are the same as those 
described for Fig. 1. The column was equilibrated with A-B (97:3) and the following elution conditions 
were used: isocratic at 3% B for 3 min; 3-55% B for 57 min and S-85% B for 30 min. (B) Overlay of 
spectra taken from (A) as designated. Full scale is set at 10 mAU. 

ly, used for mRNA translation during protein synthesis. Peptides containing these 
amino acids are frequently used to make oligonucleotide probes with lower numbers 
of probe degeneration for molecular cloning. 

Amino acid analysis of proteins and peptides 
With the recent improvements in hardware design and column technologies, 

the ion-exchange chromatography of amino acids, as originally exploited by Moore 
et aE.14, is still being widely used as a routine procedure for compositional analysis 
of protein, hydrolysates and physiological fluids. However, the development of high- 
performance reversed-phase liquid chromatographic packing materials and the in- 
troduction of pre-column derivatization techniques have made possible rapid and 
sensitive HPLC analyses of the chemically labeled amino acid derivatives (for a re- 
view, see ref. 15). PITC pre-column derivatization is a later development16J7, and 
it soon will become the method of choice for compositional analysis of proteins and 
peptides at much more sensitive levels18-21 

HPLC separation of PITC derivatized amino acids is usually performed using 
regular reversed-phase columns (>3.9 mm I.D.). The sensitivity limit of a chro- 
matographic separation is usually in the range of pmol levels. To improve sensitivity 
and to achieve better reproducibility and quantitation for routine analysis, we have 
used a micro LC system for the separation of PTC-amino acids. As shown in Fig. 
3, PTC-amino acid standards (panel A) and standard with some oxidized amino acids 
as well as amino sugars (panel B) were separated-on Altex Cl8 narrow-bore columns 
(25 x 0.2 cm). Samples of 10 pmol concentration were injected and a complete 
resolution profile was obtained using a detector sensitivity of 0.004-0.008 a.u.f.s. 
With columns ageing, all amino acid derivatives still remained well resolved except 
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Retention Time (min) 

‘ig. 3. HPLC separation of PTC-amino acids using an Altex C rs column (25 x 0.2 cm, 5 pm). (A) 10 
pmol of Pierce amino acid standards; (B) 10 pmol of performic acid oxidized standards; (C) 800 fmol of 
standard. These chromatograms were obtained at different times, slightly shifted retention times were 
observed due to changes in initial equilibration (A, 5% mobile phase B; B and C; 3% mobile phase B) 
and gradient conditions. 
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that PTC-Pro and PTC-Arg tended to lose some resolution. This can be corrected 
by decreasing mobile phase B to 4045% for the first 15 min gradient as seen in Fig. 
3B. However, a higher salt concentration in mobile phase A for example, up to 80 
mM, is also able to effectively separate PTC-Pro from Arg in older columns. PTC- 
Ala and PTC-Thr were sensitive to changes in buffer concentration and pH. They 
tended to co-elute and then a reversed elution order could occur depending on the 
adjusted pH and concentration of mobile phase A. The high efficiency of narrow- 
bore columns has allowed separation of all amino acid derivatives including cysteic 
acid, proline and methionine sulfone (Fig. 3B). Carboxymethylcysteine (6.8 min), 
galactosamine (between Ser and Gly), glucosamine (after Gly) and Trp (after Phe) 
can also be quantified using identical chromatographic conditions (data for Trp not 
shown). With the exception of lysine, all derivatives have similar peak areas and thus 
should differ little in response factors. The peak area for lysine is twice of that for 
other amino acids because of its side chain derivatization. The use of a lower flow- 
rate (0.25 ml/min) in micro LC system gives a rather stable baseline at higher sen- 
sitivity (< 0.004 a.u.f.s.). The increased resolution and improved signal-to-noise ratio 
allow highly sensitive analysis at subpmol levels (as shown in Fig. 3C). In comparison 
to the separation using regular HPLC, the present method shows at least a four-fold 
increase in sensitivity for the analysis of PTC-amino acid derivatives. 

Fig. 4A illustrates the separation of PITC-derivatized hydrolysates of human 
urinary kallikrein. In this run, with 0.2-fig sample analyzed, an excellent separation 
profile was achieved and a much stabler baseline was obtained at lo-15 mV output 
signal. At a higher sensitivity level (< 0.004 a.u.f.s.), a comparable chromatogram 
could also be generated from the analysis of a subpmol protein hydrolysate (chro- 
matogram not shown; see Table I). The amino acid composition of this protein was 
determined using the response factors from the amino acid standards (Table I). The 
data calculated from different sensitivity levels match reasonably well. The only ex- 
ception is the low yield of Met at higher sensitivity analysis, possibly due to the 
instability of this particular PTC-amino acid derivative. The compositional data ob- 
tained from these analyses agree well with those deduced from the cDNA sequencez2 
and also with our protein sequencing results 23. The sensitivity and reproducibility 
obtained with the column was established after a long period of usage. For example, 
Fig. 4B illustrates the analysis of human CSF-1 hydrolysate oxidized by performic 
acid prior to PITC derivatization using a 6 month-old column after hundreds of 
injections. All amino acids were completely resolved, except that PTC-Thr and 
PTC-Ala were poorly separated and eluted in a reverse order due to a slight increase 
in buffer concentration and changes in gradient conditions. However, the computer 
data processing capability allows good quantitation of amino acids for human CSF-1 
including Cys(S03H), Thr and Ala (Table I). The composition of human CSF-1 
determined by this method is comparable to that derived from the cDNA sequence 
in which the amino terminal signal peptide and possible C-terminal unprocessed 
region were not estimated24. 

PTC-amino acid analysis can be used as a procedure to quickly identify di- 
sulfide-containing peptides in a protein digest 21. For example, rMetHuIL_2(alal25) 
contains a single disulfide pair (Cys 59-Cys129), tryptic digestion would generate one 
disulfide-containing peptide, which was found in the fraction with a retention time 
of 50.6 min shown in Fig. 2. Determination of cystine content of the identified di- 
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Fig. 4. Chromatograms of PTC-amino acid analysis of protein and peptide hydrolysates. Differences in 
retention time and elution order of Thr and Ala as well as Pro and Arg are due to analyses performed at 
different times and slight changes in initial buffer concentration, pH, and gradient conditions. (A) Analysis 
of human urinary kallikrein hydrolysate (0.2 fig injected); (B) analysis of human CSF-1 hydrolysate oxi- 
dized by performic acid (0.21 pg injected); (C) analysis of cystinecontaining tryptic peptide obtained from 
HPLC mapping of rMetHuIL-2(alal25) trypotic digest (11 ng injected). 
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Fig. 5. HPLC separation of PTH-amino acids. (A) Separation of a sample (10 pmol) on Altex C1s columns 
(22 x 0.2 cm, 5 pm). (B) Higher sensitivity analyses of 3 pmol and 750 fmol of standard mixture. 
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sulfide peptides was performed by PTC-amino acid analysis of the performic acid 
oxidized sample. Cystine was detected as cysteic acids in a PTC form. Fig. 4C illus- 
trates the analysis of an oxidized sample of disulfide-containing peptide obtained 
from a tryptic digest of rMetHuIL-2(ala125) using l-2 pmol of the derivatized ma- 
terial. PTC-cysteic acid was recovered in a molar ratio of 1.8 per peptide molecule, 
while the rest of the amino acids were recovered at a level close to the expected 
theoretical values (Table I). Routinely, we were able to hydrolyze 0.5-l pg protein 
sample with an average molecular weight of 20-40 kilodalton, and to inject 5-20% 
derivatized hydrolysate. Therefore, a number of analytical runs can be performed for 
comparison and estimation of reliable composition data. These analyses are particu- 
larly useful in comparison with the data deduced from the cDNA sequence of an 
unknown proteinsample only available with limited partial N-terminal sequence2 5. 

PTH-amino acid analysis and microsequencing 
Fig. 5 shows the elution profile of a mixture of 20 PTH-amino acids at the 10 

pmol level (panel A). PTH-Asp elutes at 7.6 min, but is partially obscured by the 
reduced and oxidized forms of dithiothreitol (DTT) usually obtained from S4 
(methanol-acetonitrile, 9: 1) extraction during sequencing. To avoid interference of 
DTT, the salt concentration in mobile phase C can be slightly increased (see Exper- 
imental) to cause later elution of PTH-Asp. Practicallly, the methyl esters of PTH- 
Asp (between PTH-Ala and PTH-Tyr) and PTH-Glu (between PTH-Tyr and 
PTH-Arg) are more suitable for analysis than the corresponding free acids. The esters 
are formed during Edman degradation if methanolic hydrochloric acid is used as 
conversion acid. PTH-Phe and PTH-Lys were barely separated with the gradient 
elution used, but they were resolvable by changing the final concentration of mobile 
phase D at the last step of elution. The Altex narrow-bore C1a column exhibited a 
characteristic property in the separation of PTH-His and PTH-Arg. At conditions 
using mobile phase C of 12 mM sodium acetate, pH 4.2, PTH-His eluted behind 
PTH-Gly and PTH-Arg behind PTH-Tyr with response factors comparable to other 
PTH-amino acids. After prolonged use of the column, PTH-His and PTH-Arg tended 
to be retained longer in the column, while other PTH-amino acids still eluted un- 
changed. However, the retention times of both amino acids could be adjusted easily 
by changing the pH of mobile phase C. 

The sensitivity of the PTH-amino acid separation using a narrow-bore column 
increased approximately four-fold, as also observed in the PTC-amino acid separa- 
tion described above. This increase has enabled the routine PTH-amino acid analysis 
at the l-10 pmol level. Panel B in Fig. 5 shows original chromatograms of approx. 
3 pmol (top) and 7OWOO fmol (bottom) amounts of PTH-amino acids. 

Fig. 6 shows analyses of PTH-amino acids derived from the sequencing of 100 
pmol (x4 pg) human urinary kallikrein at cycles l-4 and 26-27. The sample was 
loaded onto a polybrene-precycled glass fiber disc and yielded 69 pmol of PTH-Ile 
at the first cycle. Strong PTH-amino acid signals were obtained at the first ten cycles 
by injecting 48% of sample. Background peaks and carry-over occurred after ex- 
tended analysis as can be seen on the chromatograms obtained for cycles 2627. At 
cycle 27, however, the recovered PTH-amino acid (PTH-Gly) still remained detect- 
able at cu. 7 pmol as opposed to 58 pmol at cycle 4. The sequencing of this protein 
has carried out further and thus 35 identifiable residues were obtained with a re- 
petitive yield of 91-93%. 
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Fig. 6. Identification of PTH-amino acids derived from the sequence analysis of 100 pmol humarrurinary 
kallikrein at cycles 14 and 2627. The samples obtained from sequencing runs were dried and reconsti- 
tuted into 25 ~1 of methanol-sodium acetate (40:60) buffers and 48% aliquots were injected for analysis. 
Cycle 26 is not identified, Cys is assigned when carboxymethylated kallikrein is sequenced. 

The detection of PTH-amino acids using the diode-array detector has the ad- 
vantage of simultaneously monitoring dehydration products of PTH-Thr and 
PTH-Ser at 313-320 nm without peak broadening as usually observed in a regular 
dual-wavelength detector. Fig. 7 shows the chromatograms derived from the se- 
quence analysis of urinary protease at cycle 11 and of a tryptic peptide at cycle 5. 
Smaller peaks corresponding to PTH-Thr and PTH-Ser and their respective dehy- 
drated products are seen at 270 nm. On the contrary, the dehydrated products show 
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RETENTION TIME(min) RETENTION TIME(min) 

Fig. 7. Detection of PTH-Thr and PTH-Ser (270 nm) and their respective dehydro products (313 nm) by 
diode-array detection. (A) Analysis of cycle 13 from the sequence determination of human urinary kalli- 
krein; (B) cycle 5 from the sequence analysis of a tryptic peptide derived from human urinary kallikrein. 

strong absorption at 313 nm and can be unequivocally differentiated from the other 
PTH-derivatives. 

The sequence analysis of a tryptophan-containing peptide derived from [rMet- 
HuIL-2(ala125)] (Fig. 2, retention time = 48.6 min) is shown in Fig. 8. The sample 
obtained from HPLC was dried and redissolved and 60% of the material (60 pmol 
if 100% recovery was obtained) was sequenced. Only 2.5 pmol of PTH-Trp and 3.5 
pmol of PTH-Ile were obtained at cycles 1 and 2, respectively. This result accounts 
for approx. 9% initial yield according to concentration determination using PTC- 
amino acid analysis described above. However, the repetitive yield is 94.3% and the 
peptide could be sequenced through 12 cycles. As summarized in Table II (sample 
A), the identification of PTH-amino acids was actually performed at the subpmol 
level. The low initial yield could be caused by improper sample handling after the 
peptide is collected from the HPLC eluate. Improved absolute yield was observed 
when the sample was directly collected during the HPLC separation (Table II, sample 
B). A much stronger signal (33% initial yield) of PTH-amino acids detected in HPLC 
indicates that sample loss due to improper drying and handling has been reduced 
significantly. 

In conclusion, we have demonstrated the systematic use of narrow-bore HPLC 
for microanalysis of protein structure. Recently, a highly sensitive on-line PTH- 
amino acid analysis2 6 and a more versatile sequencing data processing method2’ 
have been reported. The methods described in our paper, when used in conjunction 
with these techniques, can be especially useful for further improvement in the recov- 
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Fig. 8. Identification of PTH-amino acids derived from the sequence analysis of a rMetHuIL_2(alal25) 
tryptic peptide. Cycles 2-5 and cycles 8-10 and 12 are shown. 48% sample was analyzed at each cycle. 
For quantitation data, see Table II. 

ery of sequencing cycles and for optimizing the signal-to-noise ratio in PTH-amino 
acid analysis. More potentially, the use of these procedures in conjunction with high- 
resolution mass spectrometric methodologies can substantially complement the au- 
tomated Edman degradation in the strategy for protein sequencing. 
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TABLE II 

RECOVERY OF PTH-AMINO ACIDS OBTAINED FROM SEQUENCING OF A rMetHuIL- 
2(ala 125) TRYPTIC PEPTIDE 

Cycle Amino acid Recovery (pmol) 

A* B** 

1 Trp 
2 Ile 
3 Thr 
4 Phe 
5 Ala 
6 Gln 
7 Ser 
8 Be 
9 Be 

IO Ser 
I1 Thr 
12 Leu 
13 Thr 

2.5 
3.5 
0.8 
1.2 
2.2 
1.0 

+ *** 

1.5 
1.4 

+ 
_§ 

1.2 
_ 

9.9 
21.0 

8.3 
13.3 
13.9 
9.2 
1.7 
6.8 

11.3 
+ 
+ 
2.1 

- 

* The isolated peptide is collected in a tube and the dried sample is redissolved in 50% formic acid 
before loading onto the sequencer. 

** The isolated peptide is collected in a polypropylene tube (0.5 ml volume) and an aliquot of the 
sample is directly applied onto the sequencer. 

*** Quantitative data not determined. 
p Undetected. 
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