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Recent methods developed for use with high-performance liquid chro- 
matography (HPLC) for the separation of large peptides or proteins include 
gel chromatography with Toyo Soda TSK columns or Waters I series columns 
in 6 M guanidine HCl, 1 M Tris buffer or 0.1 M potassium phosphate, pH 7.0, 
and reversed-phase chromatography on octadecylsilane (C18) or cyanopropyl 
(CN) columns with a variety of acid aqueous-organic eluents [l-7]. In 
particular, collagen alpha chains (approximately 93,000 daltons) from Types 
I, II and III collagens have been resolved on cyanopropyl columns using a 
pyridineacetate-propanol gradient [ 81. Cyanogen bromide peptides of 
collagen have also been separated on reversed-phase columns [7]. However, 
separation and identification of tryptic peptides of collagen are still performed 
principally using gel electrophoresis or low-pressure column chromatography 
[ 9-111. The current investigation presents a method for the isocratic separa- 
tion of collagen tryptic peptides on large pore size, octadecylsilane, reversed- 
phase columns. 

MATERIALS AND METHODS 

Columns 
The reversed-phase column used in these experiments was a DuPont Zorbax 
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octadecylsilane (C18, ODS), 25 cm X 4.6 mm, with 5 pm particle size and 
150 a pore size (DuPont prototype column, 25-85-3). 

Sample preparation 
Bone diaphyses from four-week-old osteoblastoma chicks were placed on 

ice and stripped of periosteum and marrow, cut into 5-mm3 pieces with bone 
rongeurs and pulverized to 200-400 mesh powder (at temperature of liquid 
nitrogen) using a Spex freezer mill (Spex, Metuchen, NJ, U.S.A.). Bone powder 
was demineralized in repeated changes of 0.5 M EDTA, 0.05 M Tris buffer 
pH 7.4 at 4”C, the residue washed exhaustively in 0.02 M NH,HCO, and water 
and the residue lyophilized and weighed. A portion of the residue (largely 
bone collagen) was suspended in 10 n&Z calcium chloride in 50 miV Tris 
buffer pH 7.5, heated at 65°C for 20 min, cooled to 37”C, then mixed with 
trypsin (1% w/w, TPCK trypsin, cat. No. 3OC637, Millipore, Freehold, NJ, 
U.S.A.) and incubated at 37°C for 2 h with stirring [ 10,111. A second trypsin 
portion (half of the starting amount) was added after 2 h and hydrolysis con- 
tinued for two more hours [lo, 111. After hydrolysis, the residue was ly- 
ophilized, weighed, and a portion dissolved at 37°C for 20 min in 0.05 M 
guanidine HCl, 0.05 M Tris buffer pH 6.8 (guanidine HCl obtained from 
Research Plus Laboratories, Denville, NJ, U.S.A.). Samples were sedimented 
at 1000 g for 5 min; then the supernatant fluid was removed for chromato- 
graphy . 

Liquid chromatography systems 
Three separate chromatography systems were employed: (1) the DuPont 

Model 8800 controller with the Model 870 triple head pump, single sample 
injector, column heater, variable-wavelength detector (set at 214 nm, S-k1 
flow cell) and recorder; (2) a Beckman 110 pump, single sample injector, 
Hitachi Model 110-10 variable-wavelength detector (set at 214 nm, 20-111 
flow cell) and recorder; (3) a Waters Assoc. system controller, WISP 710 B, 
multisample injector, two Model 6000A pumps, a Model 441 absorbance 
detector (214 nm, 12-~1 flow cell) and a data module. 

In some experiments, sample fluorescence was monitored using a Perkin- 
Elmer fluorometer (Model 204-A, excitation 325 + 5 nm, emission 395 + 5 
nm). Selected peptides were collected from five individual separations, dialyzed 
against water, lyophilized, and subjected to electrophoresis on 10% sodium 
dodecyl sulfate (SDS) acrylamide gels. 

CHROMATOGRAPHY 

Mobile phase solvents were filtered through a 0.22-c(m filter and degassed 
prior to use. 

Low-pressure chromatography 
For chromatography by conventional means, samples (120 mg) were ap- 

plied to 300 cm X 1.5 cm columns of Sephadex G-50 superfine gel in 2 M 
guanidine HCl, 0.05 M Tris buffer pH 7.5 at a flow-rate of 15-20 ml/h. 
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Isocratic HPLC 
Samples were applied to the column in mobile phase and chromatographed 

at 35°C in 0.05 A4 guanidine HCl, 0.05 M Tris buffer pH 6.8 at a flow-rate of 
1 ml/min (pressure 40 bar). In other experiments, concentrations of guanidine 
HCl up to 2 M were used, the pH was varied from 6.5 to 7.5, the temperature 
varied from 22°C to 6O”C, and the flow-rate altered from 0.3 ml/min to 2.0 
ml/min. 

HPLC gradien ts 
Linear gradients (60 ml) consisting of l-500 mM guanidine HCl, 0.05 M 

fiis buffer pH 6.8 at 1 ml/min and more shallow gradients were utilized. 
Moreover, gradients of guanidine HCl and methanol were t&o utilized. 

RESULTS 

Molecular weight determination of the tryptic peptides of collagen in 1 M 
guanidine HCl, 0.05 M Tris buffer pH 6.8 on a TSK-2000 column and two 
I-60 columns indicate a range of lO,OOO--20,000. 

Fig. 1 depicts a chromatogram of 120 mg of bone collagen on a G-50 super- 
fine gel eluted with 2 M guanidine HCl, 0.05 M Tris buffer pH 7.4 monitored 
at 230 nm. A large front peak (1) containing highly crosslinked collagen 
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Fig. 1. Chromatogram of 120 mg of bone collagen (not reduced with NaBH,) tryptic pep- 
tides from an osteoblastoma from a three-month-old chicken dissolved in 3.0 ml of 5 M 
guanidine HCI, 0.05 M Tris buffer pH 7.2 at 22°C. The sample was separated on a 300 x 
1.5 cm column of G-50 superfine gel in 2 M guanidine HCI, 0.05 M Tris buffer pH 7.5 at a 
flow-rate of 15-20 ml/h. Fractions of 5 ml were collected and monitored at 230 nm. 
Eighteen peaks were resolved using this method; peaks I (void volume peak) and 3 were 
heterogeneous after isolation and separation on acrylamide gels. 
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peptides elutes in the void volume. At least 17 other peaks were detected; 
peaks 1 and 3 were heterogeneous by SDS gel electrophoresis (Fig. 1). In 
particular, peak 3, a fraction containing the fluorescent crosslink 3-hydroxy- 
pyridinium, is comprised of at least three peptides [ 121. 

Fig. 2 is a chromatogram, typical of separations on the Zorbax Cl8 column 
at 35°C in 0.05 M guanidine HCl, 0.05 M Tris buffer pH 6.8 with 100 pg of 
sample applied. However, less than 10 I-18 of sample can be chromatographed 
containing at least 30 peaks (Az14 nm ). Three of these peaks (peaks 1, 21 and 
25 in Fig. 2) exhibited fluorescence (excitation = 325 nm, emission = 395 nm), 
indicating presence of 3-hydroxypyridinium 1111. Identical peaks (peak 21, 
Fig. 2) from five separations (1 mg sample size) were collected, dialyzed 
against water, lyophilized, and electrophoresed on 10% SDS gels. Each gave a 
single, faint, Coomassie-Blue reactive band in an acrylamide gel (data not 
shown). 
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Fig. 2. Chromatogram of 100 clg of bone collagen tryptic peptides from an osteoblastoma 
from a three-month-old chicken dissolved in 0.05 M guanidine HCI, 0.05 M Tris buffer pH 
6.8. The sample was injected onto a 25 cm x 4.6 mm octadecylsilane (C18) column, 5 pm 
particle size, 150 a pore size (prototype DuPont column) and eluted at 1 ml/min at 35°C 
with mobile phase as above. Thirty distinct peaks were resolved, three of which (peaks 1, 
21 and 25) fluoresced when analyzed with a Perkin-Elmer fluorometer at excitation 325 nm 
and emission 395 nm. In some experiments, a dye-binding assay (Bio-Rad) was used to 
monitor peptides in column fractions. Peak 21 was collected, concentrated and electro- 
phoresed on a 10% SDS gel. A single Coomassie-Blue staining band was visualized. 

The baseline returned to zero after 2 h for most collagen tryptic peptide 
samples tested and no peaks were detected during 18 h of additional run 
time. Series injections of the same sample yielded excellent reproducibility 
in peak retention times and shape. 

The chromatogram in Fig. 3 depicts separation at room temperature (22°C) 
in 0.05 M guanidine HCl, 0.05 M Tris buffer pH 6.8. At least 47 peaks were 
detected (AZldnm). 
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Fig. 3. Chromatogram of 50 pg of bone collagen tryptic peptides from an osteoblastoma 
from a three-month-old chicken dissolved in 0.05 M guanidine HCl, 0.05 M Tris buffer pH 
6.8. The sample was injected onto a 25 cm X 4.6 mm octadecylsilane (CM) column, 5 firn 
particle size, 150 A pore size (DuPont prototype column), and eluted at 1 ml/min at 22°C 
with mobile phase as above. Forty-seven distinct peaks were resolved. The total run time 
was 5 h 40 min. In some experiments a dye-binding assay (Bio-Rad) was used to monitor 
peptides in column fractions. 

DISCUSSION 

Reversed-phase chromatography is a reliable method to resolve tryptic 
peptides of collagen. Moreover, the latter technique permits greater resolu- 
tion, reduces run time (l-Z.5 h per sample) and is useful for microgram 
quantities of peptides. By comparison, molecular sieve-type gels offer less 
resolution in a single separation of a complex peptide mixture, require longer 
run times (days) and usually require milligram quantities of sample. The ad- 
vantage in the latter case is the analysis of larger sample sizes, useful when 
preparing large quantities of a single peptide. 

In addition, state-of-the-art protein separation columns such as the Toyo 
Soda (TSK 2000 or 3000, Toyo Soda Manufacturing Co., Tokyo, Japan) or 
Waters I-60 series columns with 2 M guanidine HCl, 0.05 A4 Tris buffer pH 
7.4, used with HPLC, did not yield sufficient resolution of collagen tryptic 
peptides compared with that of reversed-phase columns (patterns were similar 
to that in Fig. 1 for samples separated on one TSK 2000 and two I-60 columns 
joined in tandem). 

Isocratic separations in 0.05 M guanidine HCl, 0.05 M Tris buffer pH 6.8 
at 35”C, 1 ml/min yielded the most satusfactory results (Fig. 2). These con- 
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ditions yielded good sample solvation, resolution and separation Of Collagen 
tryptic peptides in 1-Z h for most samples. The room temperature SePm- 

tion (Fig. 3) yielded more peaks (47) than did that at 35°C (30 peaks) but 
required 4 h and 40 min longer to effect the chromatography. Increasing the 
molarity of guanidine HCl up to 2 M decreased retention time to approximate- 
ly 20 min, but yielded fewer peaks with reduced resolution, particularly in 
early eluting peaks. Solvent strengths above 0.5 M guanidine HC1 were un- 
satisfactory, 0.1 M to 0.5 M yielded poor results, and those below 0.1 M 
yielded good to excellent results. The influence of pH in the narrow range of 
6.5-7.5 had no influence on resolution (data not shown). Increased tempera- 
ture decreased retention times, but also reduced the total number of peaks 
eluting (data not shown). The range of 35-41°C yielded similar and satis- 
factory results at the 0.05 M guanidine HCl concentration, whereas 45-60°C 
yielded increasingly poor results. 

Programmed flow-rate increases were useful in reducing total chromato- 
graphy time in the isocratic mode. For instance, a flow-rate of 0.5 ml/min 
was used for 10 min to increase separation of early eluting peaks, was in- 
creased to 1 ml/min for 10 min (to a point where peaks 19 and 20 elute, 
Fig. 2), then was increased to 2.0 ml/min for another 10 min (to the region 
of peak 26), then up to 3.0 ml/min for 10 min, with a return to initial con- 
ditions for 5 min before the next sample application. The latter method can 
be used with the Waters Assoc. LC system which is flow programmable. Flow- 
rate is a major consideration with any peptide separation when fraction col- 
lection is involved. Peptides separated by a matter of seconds are difficult to 
collect, therefore reduced chromatography time is not always beneficial. A 
total run time of 1 h allows for collection of 0.5-ml fractions with, in most 
cases, one-tube peaks. Use of a peak collector simplifies peptide collection. 

Gradient elution with increasing guanidine HCl concentration from 1 m&I 
to 500 rniI2 was not satisfactory due to baseline shifts at 214 nm. More shal- 
low gradients were tried (50-100 mM salt) but baseline shifts proved to be 
an overwhelming problem. Increasing the wavelength to 230 nm or 280 nm 
for collagen did not solve the latter problem. Methanol-guanidine HCl gra- 
dients gave the same results - unsatisfactory rises in baseline. Most recently, 
acetate-acetonitrile or trifluoroacetic acid-acetonitrile gradients have been 
tried, but some samples did not completely dissolve in initial mobile phase 
and some collagen peptides appeared to bind very strongly to the stationary 
phase in acetonitrile. 

Few reports have been published on the use of halide-containing mobile 
phases in mildly acidic conditions for peptide elution from gel permeation or 
reversed-phase columns [6]. Most manufacturers do not recommend the use 
of halides, especially in acid conditions, in stainless-steel HPLC equipment. 
However, the pump heads, tubing and columns in the DuPont and Beckman 
systems have been used for approximately 1 year with either 0.05 M or 2 M 
gumidine HCl, respectively, with no demonstrable adverse effects. 

The total number of collagen tryptic peptides separated by these systems 
was 30 at 35°C and 47 at 22°C. The theoretical number of peptides obtain- 
able if trypsin hydrolyzed at every lysine (33 residues) and a@nine (53 resi- 
dues) residue in the alpha 1 chain of Type I collagen would be 86. Some of 
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the lysine residues are involved in crosslink formation, thus reducing the total 
number of possible peptides. Although every tryptic fragment may not be 
resolved, the isocratic method for separation of collagen tryptic peptides 
reported in the present investigation not only has the best resolution for 
collagen tryptic peptides reported to date, but also has great flexibility in 
sample loading. Sample amounts can be applied ranging from micrograms to 
several milligrams without causing major changes in the elution times. It is 
possible to apply a 1-mg sample, collect a particular peak, dialyze and lyo- 
philize the sample, and prepare enough of one peptide in a day, to do amino 
acid and/or sequence analysis. This procedure represents a significant advance 
in collagen tryptic peptide resolution as well as providing the most rapid 
method for analysis to date. 
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