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CHROMATOGRAPHY OF POLYPEPTIDES AND PROTEINS ON
HYDROXYAPATITE COLUMNS®

GIORGIO BERNARDI awp TSUTOMU KAWASAKI™

Cenire de Recherches sur les Macromolécules, Strasbouwrg ( France}

{Reccived April znd, 1968)

SUMMARY

Chromatography of a number of water-soluble homo- and heteropolypeptides
on hydroxyapatite columns has shown that only those containing carboxyl groups
(poly-L-aspartate, poly-L-glutamate and their copolymers) are adsorbed by hydroxy-
apatite. The presence of urea or salt in the eluting buffer does not modify the elution

solarity of poly-L-glutamate.

It is likely that in the case of proteins, too, the chemical groups responsible for
the Interaction with hydroxyapatite are the carboxyl groups. A special case is that of
phosphoproteins where a very strong interaction with hydroxyapatite is due to the
presence of the protein-phosphate groups, Denaturation of proteins reduces their
affinity for hydroxyapatite probably by reducing the number of carboxyl groups
available for the interaction and by destroying the clusters of carboxyl groups present

“on the surface of native proteins and responsible for the interaction.

INTRODUCTION

Chromatography of proteins on hydroxyapatite columns is a powerful separation
technique developed by TiseLius, HjERTEN axD LEVIN'. The relatively slow accept-
ance of this technique by protein chemists seems to be due to two main reasons: (a)
preparation of hydroxyapatite, according to the procedure of TiseLius, HIERTEN
AND LEvIND, or to one of the alternative methods proposed by other authors*—*, is
rather laborious; (b} the extensive investigations by TisEL1us, HTERTEN AND LEVINY,
HjERTEN® and LEVINT have elucidated several aspects of protein chromatography on
hydroxyapatite columns, yet nothing is known about the mechanism of interaction
of proteins with hydroxyapatite; since no correlation has been found between net
charge and/or molecular weight of a protein and its elution molarity from a hydroxy-
apatite column, chromatography on hydroxyapatite is, so far, an empirical method.

The first difficulty seems to have been overcome with the advent of commercial

* This is paper no 1 in a series 'Chromatography of proteins on hydroxyapatite'.
** Research Fellow of the Centre Technique du Cuir, Lyon, France {1965-1968).
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vidroxyapatite preparations (Bio Rad, Richmond, Calif.: Clarkson Chemical Com-
pany, Williamsport, Pa.}; however no comparative investigations concerning the
chromatographic results obtained with the commercial preparations and the prepa-
ration of TISELIUS, HJERTEN AND LEVIN! have been published vet. As far as as the
raechanism of adsorption of proteins on hydroxyapatite columns is concerned, we have
attempted in the present work to establish which chemical groups of proteins interact
with hydroxyapatite. In order to solve this problem we have studied the chromatog-
raphic behavior of several synthetic polypeptides. Our results suggest that carboxyl
groups are responsible for the protein-hydroxyapatite interaction. A special case,
previously investigated by BERNARDI anp Coox?, is that of phosphoproteins where
the much more important interaction of protein phosphate groups with hydroxy-
apatite completely offsets that of the carboxvl groups.

Another subject investigated in the present work concerns the influence of
secondary and tertiary structures of proteins on their chromatographic behavior on
hydroxyapatite columns. This study was suggested by similar investigations carried
out in this laboratory on nucleic acids!®1* and suggests that chromatography on
hydroxyapatite columns may be a very useful tool in the study of protein denaturation.

An investigation on the resolving power of hydroxyapatite columns!®, and a

- theory of the chromatography of macromolecules’ on hydroxyapatite are being
published elsewhere.

MATERIALS AND METHODS

All polypeptides used in the present work were synthesized in the laboratory
of Dr. G, SeacH of this Institute.

Homopolymers: poly-1-glutamate, poly-L-aspartate, poly-L-tyrosine, poly-D,L-
histidine, poly-L-lysine; statistical copolymers: copoly-L-glutamate-L-phenylalanine
(9:1and g.5:0.5 molar ratios) ; copoly-L-glutamate-L-lysine (§:1), copoly-L-glutamate-

“L-serine (8.2:1.8; 9:1); copoly-L-benzyl-glutamate-p,L-histidine (1:1). All poly-
peptides had a molecular weight high enough not to pass through Visking cellulose
tubings when dialyzed against 0.01 M phosphate buffer (pH 6.8). This may be taken
as an indication that the molecular weights were higher than about 5 000; sedimen-
tation and viscosity measurements performed on several samples indicated molecular
weights in the range 5 000-50 coo.

Horse heart cytochrome ¢ (type III) was purchased from Sigma (St. Louis, Mo.);
egg white Iysozyme, ribonuclease A and pancreatic deoxyribonuclease were obtained
from Worthington (Frechold, N.]J.); collagen was prepared according to RUBIN ¢f al.1®
{see also Kawasaxi AND BERNARDIS),

Hydroxyapatite was prepared according to TISELIUS, HJERTEN AND LEVINL
Elution was carried out using linear molarity gradients of potassium phosphate
builer (pH 6.8}, Phosphate molarity of the chromatographic fractions was determined
by refractometry. In some cases, indicated in the text, 8 M urea or KCl were added to
the potassium phosphate buffer. In the case of collagen, sodium phosphate buffer
(pH 6.5} containing 0.15 M NaCl and 1 M urea (a concentration far below that causing
denaturation”} was used as the eluent, Molarity gradients were obtained, in miost
cases, with a Varigrad (Technicon, Chauncey, N.]J.), the initial buffer being always
0.00r M in phosphate. Elution was under gravity flow (zo-60 mi/h). The effect of
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flow-rate was not investigated here since 1t has hittle effect, at least in the range of
fiow rates used, on the chromatographic behavior of proteins or polypeptides. 3-5 mli
fractions were collected using Gilson {Madison, Wis.) or LKB (Stockholm, Sweden)
{fraction coilectors. Recoveries were close to 100%,, except in one case mentioned in
the legend of the chromatogram.

Chromatographic experiments were performed at room temperature, except in
the case of native proteins where they were carried out at 4°, uniess otherwise stated.
In the case of Cullagen some experiments were carried out at temperatures in the
melting range (35-41°). In this case collagen samples were carefully pipetted on the
top of a 2-3-cm layer r)‘ solvent (the column outlet being closed} and allowed to remain
at the equilibration temperature of the column for 40 min before the experiment was
started.

Concentrations of materials in the chromatographic fractions were determined
by measuring their ultraviolet absorption at 220 mu (polypeptides), 225 mu (collagen),
280 my (lysozyme, ribonuclease, poly-L-tyrosine), and 415 mu {cytochrome c).

RESULTS

Synthetic polypeplides

Among the water-soluble synthetic homopolypeptides tested only poly-L-
glutamate and poly-L-aspartate were retained by hydroxyapatite columns equilibrated
with 0.001 M potassium phosphate buffer. These two polypeptides were eluted at
about 0.25 M and 0.35 M potassium phosphate buffer, respectively (Fig. 1 (A and B)).
The other synthetic polypeptides were not retained by the columns; Fig. 2 (A and B)
shows the chromatograms obtained with poly-L-tyrosine and poly-p,i-histidine, as
an example.
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1. Chromatography of (A) poly-c-glutamate, (B) polv-L-aspartate. In both cases 1o mg of
peptide were loaded on 2z em x 20 cm hvdroxyapatite columns. Loading and molarity
sradient were started at iractions indicated by arrows C and G, respectively.

Fig. 2. Chromatography of (A} poly-L-tyrosine, {B) poly-i-histidine. In the first case 1.6 4,4, units

were loaded ona 1 cm X 8cm .udmxyapatiw column; in the second case 5 mg were loaded on
& 0.8 cm X tocm nydroxyapatite column. Other indications as in Fig. 1
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Fig. 3. Chromatograpny of {A] copoiy-t-glutamate-L-phenvlalanine (9.5:0.5 molar ratio), (B)
copoly-L- Blhtd."l ate-t-phenyvlalanine {g:1 molar rativ). Loads were 4 mg and 1.5 mg, respec-
tively, on z cm ® 20 cm hydroxyapatite columns. Other indications as in Fig. 1. In chromato-

gram A, the recovery was low for unknown reasons,

Fig. 4. Chromatography of (A} copoly-i-glutamaie-L-lysine (911 molar ratio): 1.5 mg were Joaded
on & zem % zocom hydroxyapatite co]um.., (B} copoly-L-benayi glut.mwm Lehistidine {r:1
ross ratio); 2.8 4y, units were loaded on a 1 em % 7 cm hydroxyapatite column.

Statistical copolvmers of poly-L-glutamate were eluted at a lower molarity than

poiy-i-glutamate, the elution molarity being smaller for copolymers with lower
glutamate content, Some typical results obtained with copolymers of L-phenylalanine

and L-glutamic acid (hav ing 0.5:9.5 and 1: g phenylalanine/glutamate molar ratios)
and with copolymers of L-lysine and L-glutamic acid (1:g) are shown in Figs. 3 (A and B)
and 4 (a), respectively. Similar results were obtained with copolymers of L-serine and
L-glucamic acid with different molar ratios. A copolyvmer of p,L-histidine and benzyl-
L-glutamate (1:1 molar ratio} was not retained by the column equilibrated with 0.001
M potessium pnmp}.atc buffer (Fig. £ (B)).

Performing the chromatography of polyv-L-glutamate (Fig. 5) and poly-L-
(',-bpc\r‘l-_u.[l. in the presence of 8 M urca caused essentially no change in the elution
molarity. Carrying out the elution with a gradient formed by 1 M KCl-0.001 M po-
t’;s.bl‘dl'l'l phosphate buffer and ¢.5 M potassium phosphate buffer (therefore at a
practically constant ionic strength, since potassium phosphate buffer has a ionic
strength which is equal to twice its molarity, when its dissociation is complete) did
not change the chromatographic behavior of poly-L-glutamate,

An Important observation concerning the chromatography of both poly-L-
glutamate and poly-L-aspartate concerns the capacity of hydroxyapatite for these
macromolecules. This was found to be at Jeast 5 times lower than that for proteins.

In several experiments described above, an ultraviolet-absorbing peak was
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maie; 10 mg were loaded on a 2cm X zocm column,
: and the eluting bufiers were 8 M in urea, The molanty gradient obtained
in this experiment was not measured beenuse of the presence of urca, but estimated on the basis
of experiments done in the absence of urea.

Chromatograpiy ol poi\'-L-giut:x
il

o Bovent (potassium phosphate buffer] nsl on a 2oem ¥ 2o om colus The continuous

we and the dotted line indicate absorbancics at 220 my and 280 mg, respectively.

t:\'idunr :“;t the beginning of the gradient, particuiarly when the slope of the gradient
siank chromatograms (I'ig. 0) :,nmwd this to be an artifact probably due to
ce of some ultraviolet-absorbing matenal in the buffers used.

esults obtc.jm,d with synthetic polypeptides clearly indicate that carboxylic

ones, among those investigated, having a strong binding capacity
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oupings of prorcins interacting with hydroxyapatite. On the basis of the results
5t it may be thought, however, that here too,

in tora\dt\on with hydroxyapatite. A direct test
Gvpothesis is experimentally difficult, yet not impossible since esterification of
the carboxyvl groups or deamidation of glutamine and asparagine residues in proteins
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Ip to solve this problem.

The distribution of carboxyl groups at the surface of proteins is not random
{in which case a correlation between number or surface density of carboxyl groups
and elution molarity might be found), but is unigue and genetically determined. It
shou‘rl therefore be x,\pe\:ted: {a) that several different modes of interaction of a given
protein with hvdroxyapatite are possible; (b} that of all possible interactions, the one

lt“u: in the lowest free energy level will be preferred; (c) that this interaction wiil

i

i

be associated with a local concentration of carboxyl groups andfor a local distribution

»f carboxyl groups fitting the distribution of adsorbing sites and will determine the

stubilitv of the protein-iiy droxyapatite interaction and therefore the elution molarity.
e

[hese considerations explain why proteins, otherwise very close in size and net

charge, can be separated by hydroxyapatite chromatography. Furthermore they
strongly suggest that the tertiary and secondary structure of proteins have a strong
influence on heir chromatographic behavior. This point, which has already been
verified for nucleic acids'®, has been tested for proteins also,

-~
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of tertiary and secondary structures of proteins on

e behavior on hvdroxyapatite columns was investigated by
e clution v)utkern: abiained with native proteins and with the same

v (time effects of urea treatmient were not investigated);
the experiments performed with poly-L-glutamate in 8 M urea showed that urea does
not Auut_.“\ the chr OmMATogT ."J‘“lit‘
‘L conformation like poiv-L-glutamate (b) the clution patterns obtained at different
atures with trapocollage
sorme of the results OJ'\clu.'L,d are shown in Figs,
chromatographic behavior of lysozvime in the native and the denaturud state; in th
Jatter case the protein is no longer retained by the column. The small peak eiutcd at
the be’rmumr of the gradient may be a “false” peak (a chromatographic artifact
y TiserLtus, H jIZR'I‘}Z N avp Levint and HJERTEN or a partially
-d form of the protein. A similar phenomenon has been shown by ribonuclease

behavior of polymers which already have a random
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ay of lvsozvme (10 mg; on i cm % 1ocem hydroxyapatite columns, run in
the zbsence (A} and in the presence (13) of § M urea. Chromatography of ribonuclease (10 mg) on
Tem X I10cm hydroxyapatite colunns, run in the absence {C) and in the presence {D) of 8 M urca

{Fig.7{C and D)), in this case, however, the elution molarity of the denatured protein

close to that of the equilibrating buder {0.001 M potassium phosphate buffer)
the protein is :.mmj_.r cluted by the washing buffer and a large “false” peak is
the gradient; obvicusly, the possibility exists here, as in the
us case, that this peak also contains incompletely denatured molecules,

In the case of cytochrome ¢ (Fig. 8 (A and B)) the denatured protein is retained
by the column, but is eluted at a lower 'nolarlty compared with the native-protein. In
this case, the small trailing peak cannot be a “false” peak, and is likely to be formed
by partially denatured molecules. Pancreatic deoxyribonuclease (Fig. 8 (C and D))
was not retained by the column when chromatographed in the denatured state,
whereas in the native state it was only eluted by the molarity gradient.

In several cases small amounts of material were not retained when chromatog-
raphing crystalline native protc 15, As in the case of collagen (see below), the non-
retained material may be formed by denatured protein.
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Several of the experiments reported above suggest that partially denatured
"}‘I"O»L,II‘." show a different chromatographic behavior compared {o both native and
fully denatured molecules. This point has been further investigated using collagen
Ad I‘ erforming the experiments at different temperatures (Fig. g (A and B} and
(A and B)). An experiment run under similar conditions, but at 4°, is presented

Fig. 1 of ref. 16}; this is not very dil‘*’erent from that of Fig. g (A}. A com-
pareon of the u] romatograms run at 4° and 41° indicates that native collagen is eluted
at molarities between 0.04 and 0.1 M, whereas Ll— ermally denatured collagen is eluted
by 0.001 M sodium phosphate bufier. The experiments performed at increasing
temperatures indicate that the percentage of non-retained material increases with
temperature and the elution meolarity of the retained material becoming lower as the
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Fig 9. Chromatography of tropocollagen (2.3 mg) on [ cm ¥ zocm hydroxvapatite columns
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ature increases. Furthermore, two other components are evident in the chro-

15 perforined at temperatures in the melting range. The first of these com-
sodiwm phosphate buffer, but 1t has a lower Ry
value ccr.‘.[‘;-trc‘d to the peak of denatured collagen; the second component is eluted at

th ingolthe gradient and maw be a “false” peak. The first of these components
ma pond to an intermediate state of denaturation of collagen (ENGELY).

P cilse amiong proteins sinee, in general, they
;o_\_\ apatite than non p‘]c;ap'm viated protems.
own that two egg volk phosphoproteins, a-
icliwere found to be identical in amino acid and lipid composition,

DI AND CoorY has sl

J-idpovitellin,

but to differ in thol protein phosphorus content, were easily separated on hydroxy-

atite coiumns, When \.JI’C}IT‘.ECO,‘ ‘J‘l"] e ex her in L3 were Dt’f[brlln€u with a l-ﬂ(Jiu\'nt'\
£~. -adiont elution {instead of using the step-wise 1(:(:]'1 nique previously employed®) it

could be shown that g-lipovitellin, the electrophoredically slow component, was eluted
by o.p M potassium phosphate buifer, whereas a- l.n{,v:‘e'l‘n the fast component,

was eluted by 0,735 M potassiumn phosphate butier. The third egg volk phosphoprotein,
phosvitin, a protein in which almoest 50%, of the anino acids are 1,howum vl serines,
was eluted by an except! ]

bulier.

bigh phosphate molarity, 1.2 M potassium phosphate

The results obtained with svn ¢ polypeptides show that carboxyl groups
sponsible for thelir interactions with hydroxyapatite, since only polymers con-
tan‘;ir:g thiem were retained by the columns. The different chromatographic behavior

is not due to differences in molecular welghts since in ail cases the number of amino
acid residues per polypeptide chains is higher than about 50, therefore, well beyond
the range wiere the chromategraphic behavior may depend upon molecular weight.

Divedin, Biophys, Acla, 100 ]
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clution molarity of denatured proteins, This decrease may be due to the following
wai carbaxyl groups which were present at the surface of the native protein
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will, in , dizappear front the “surface’ of :} e denatured protein, which is known

to have o random coil conformation; (b local concentrations (duc to the existence
ol second and tertiary structures) of carboxyl groups able to interact with the
adsorbing sites of hvdroxvapatite will disappear in the denatured state and the
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