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On présente un apergu des donndes aciuellement disponibles sur les groupemsnis chismiques
Imbervenant dans les iteractions enlfe proféifes ou acides nioeldigues of hydronyapatite, Cex données
dérivent pour lessemticl de travaux de chromatographis de macromolécules bhiclogigues  sur

colonines d'hydroxyapatite.

Abatract

Deaia available om the chemical groups (ovalved in the istersctions beiween profeins or nuckeic
acids and hydroxyapatite are presentsd, Swuch data essemtinily derive from mvestigations on the
chromatogruphy of biological macromaolecules on hydroxyapatite columns.

Although calcium phosphate was already used by
Briscke in 1861 for the purification of pepsin by ad-
sorplion and elutien and has since found frequent use
as a specific adsorbent in protein purification, the me-
dern era in this field oaly began with investigations
carrigd out in Tiscliug® laboratory from 1953 on. In
deed, the classical paper of Tiselius, Hjerten and Lewin
af [956 |1}, describing the chromatagraphy of pro-
teins on hydroxyapanite has been the staning point jor
all subsequent investigsiions, My own interest in hydro-
xyapatite (HA) poes back to 1958, when [ could scpa-
rafe two lipoprodeins, & and J lipovitellia, which only
dilfer 1 their pmll.-in p}mqm.a.rc level. For the past
15 years, I have investigated several aspects of chroma-
tography of prodeins and nocleis acids on HA. Today,
[ would like 1o concentrate on two basic problems in
this aren, namely 1) the nature of the interaction of HA
with nuclere acids and prateins and the chemical Eroups
invelved in it: and 2) the effect of secondary structure
of biopolymers on their ineraction with hydroxyapa-
tite, These and other topics are deall with im more
detail m three recent reveew arliches [2-4),

In the case of nucleic acids it is easy fo show that
adsorpiion is due 1o the interaction of the phosphate
groups with calcium on the swrface of the HA erystals :
1) weanmeny of HA with compounds having a very
strong afTinity for Ca+ -+, like EDTA, citrate, and poly-
phosphates decreases its capacity for nucleic acids: come-
pounds havimg a lower affinity for Ca++, like phos-
phates and several carboxylic compounds may be used
as eluents: ions having a very low affinity for Cat++,

like chlorides, practically do not interfere with adsorp-
tion: this 5 an indication of a specific comperition by
phosphate ions for the Cat+ sites. 2) electrophoresis
of HA crviials in 1 mM phosphate shows that they
have a nel positive charge, 3) the sedinrentation rate of
HA crystals in | mM phosphate is greatly increased by
the addition of DMA: this may be due 19 a decreass
in electrostalsn: repulsion among the positively charged
cryatals, 4) phosphoproteing have o much higher afi-
pity for HA than non-phosphorylaied proteins, 51 chro-
matography of racleotides, some coenzymes and their
mono- and polyphosphate derivatives shows that the
clation maolarity of these substances is only dependent
upon their phosphate groups: the non-phosphorylaed
derivatives are not retained by HA equilibrated with
001 M K phesphate (KP) monophosphates are eluted
by 0001 M, but they are retarted; di-, i, and teira-
phosphates are eluted af increasingly higher characterisiic
phosphate molaritics, independently of the organic mole-
cules to which they are bound.

As far as pmi:in: are concerned, the situathon can he
summarired as follows (see Tablel,

1) Acidic polypeptides and profeins behove simalary
to mucleic acids in that their adsarption on HA is litte,
of nod at all, affected by MNaCl, KOCI o Call, . An
cxplanation for this behavior is that the adsorption of
acidic polypeptides and predeins, like that of phospho-
prodeins and necleic ocids, is only, or to o lorge extent,
due to the interaction of their acidic groups with cal-
cium sites af the sorfece of HA erystals. Elution is,



TanLe
Elution molaeitles of some proteing from B4 colwms

lswcbe s Eluting solvents
Frlgin ;
Point  yp 65| KP 7.5 | KP 58] Kol [cac,
Lysozyme 108 |oir joos | oS fe2s|ooo
Cytochpume ¢ AW 023 |02 | 030 |o48|0007
RNase A 97 o1z joos | oS |o2|oom

e-LEymalrypsin 8.1 Q16 J0i0 | 020 Jaifedl
Spleen acid DNase | 102 0.22 JOES | 03T J0.44( 002
Spleen sosl exosm
clene AL 125 ) 006S | O19500.25 0> 3.0
Myoghobin 7 hia [008 | Q17 |0ED =30
Spail acid DN 9 i1 | 004 | 020 J0.54)>= 30
Panerearic Mo 4.5 od pool | a1l jod (=30

Boving seram

gdbuenin A ¥ 008 §001 | 007 P30
; : (L0

Pepsin 1 wos foo | pageio

therefore, expected 1o be caused by anions able o
compete with the macromaelecule for the calcium sites
on HA. It is not surprising that amions having litile
affinity  for calcium, like chloride, are poor eluents
compared to the phosphates normally osed as cluenis,
The very high cluting molarities required by phospho-
proteins in comparison with oucleic acid may be due,
in part at least, 10 the monoesierified phosphate groups
in contrast 1o the diesterified groups of nucleic acids.
Another consideration s that phosphoproteins have mans
of phosphorvlscrines, which form areas of wery high
density of groups able to interact with HA.

2) The fAnding that all basic prorefns can be eluted
not only by KP, bui also by KCl may be intzrprefed
as indicating that the clution of basic proteins is caused
by the cations of the cluents. The fact that the eluting
miclarities of basic proteins by f_'.a.f_'l_. are 20200 iimes
lower than those of NaCl or KCl i3 in keeping with the
suggestion that ¢lution is caused by the cations and e
by the anions of the eleent, The fact thal eatsons
having a very strong affinity for phosphate ions, like
Ca++ and Mg*~, are endowed with a much greater
cluting power than cafions having a weak affinity for
phosphate, like K+ and Ma<. supgesis bwo imporianl
points @ oa) that the adsorbing sites for basic profeing are
to be identificd with phosphate groups at the surface
of the crystals and b) that elution of hasic pt’mtih:
takes place because of a competilion between the cations
of the elwent and the basic amipoasid side-groups of
proteins for phosphate sites on HA or, in other wornds,
that elution of basic proleins & not simply & ionic
strengih effect,

it can be notboed thar basie proteing are eluted from
HA columns at relotively high molarities of phosphate,
pH &.8, The five proteins listed in Table are eluted in
the 0.12.0.23 M phosphate range: lysane-rich histone
is eluted at en even higher malarty, 0055 M. In contras,
newrral and acldic proteins seem 10 be eluted an low
phosphaie molarities, in the 003-0.12 M range (phos-
phoproteins are an exceplion to this rube). This diffe-
renl behavior may be understood i the following
termis : the usual eheents, ™NaP or KP, pH 6.5, while

very effective, because of their phosphate wons, in com-
petmg with the carboxyl groups of proteins for the cal-
cium sites on HA, ape much less effective in competing
with the basic groups of Uk proteins for the phosphate
sites on HA, because of the low affinity of Na— of K+
of such groups, Therefore, the vsual phosphate buffers
are poond eluents for acidie proteins, as well as for seudic
polypemides, phoaphoproteins and nuclele acids, and
poor cluents for basic proteins, Conversely, CaCls s an
excellent eluent for basic proieins and a very poor one
for azidic proteins.

An wnexpected finding obtained with spleen exonu-
clease, myoglobin, snail scid DMase and with pancres-
fic DMNase is that these proteins, which are eluted by
KOl molarities in the 0.2-0.8 M range cannot be eluted
by CaCl, molarifes as high as 3 M. It may be wonder-
od whether in these cases Ca+~ hinds io carboxyl
groups of these proteins and strengthens the sdsosption
by fnrming hrjl:lp.!r. [{5] phfmph:llr: groups on HA,

The data of Table show that the elution melarity of
protgins by KF appears 10 be increased by a constant
factor at pH 5.9 and decreased (also by a constant foe-
tor, bul with larger fluctuationsi at pH 7.8, compared
to the usial pH 6.8, Hoth effects appear to be much
greater for acidic than for basic proteins, A satisfactory
gxplanation for this phenomenon is not yet available.

In conclusion, two different tvpes of adsorbing sites
exist on HA crvstals @ calcium sites and phosphate sites.
The former appear to bind acidic groups, carboxyls and
phmphulnu'. the latter bind basic groups., This pi.-rlum
fits with the known amphoteriz character of HA erys-
tals, Elution is caused by anions {usually phesphates),
which compete with the carboxyl or phosphate groups
of proteins [or the caleium sites of HA:D or by cations
Ma+t, K+ or, more effectively, Ca ++ or Mg*+)
which compete with the basic groups of proteins for
the phosphate groups of Ha,

From o proctical point of wiew, these sesults have
shown that: 1h elution of proteins from HA columns
can be obtaiped wsing a member of eluents other than
the wsual phosphate buffer., pH 6.8; this leads w a
remarkable increase in the potentialities of the method;
20 the chromatographic behavior of basic, newtral and
acidic proteins on HA columns operated with different
elwlion  systems con be  predicied to o comsaderable
cxtent, thus permitting a bess empirical approach 10
separation problems; in turn, the elution molarities of
profeans in different solvent systoms <an be used 1o
wlentily the nature of the interacting aminc-acid side
EFOLIpE,

As far as secondary and fertiary strocture effects are
concemed, the concept s the following, Im contrast
with odher chromatographic swbstrates, like substituted
celiulose or dextrans, or ion-exchange resins, hydroxy-
apatite is a crystalline material. lis adsorbing sites are
very regularly spaced and find themselves in well-defined
positions. This fact amtematically implies that the num-
her of posshle interachions among these sites and the
chermical groups able 1o interact with them on proteins
or nicleie acids willl depend upon their distribution on
the surface of biopolymicrs. Changes in this distribution
will lead o changes in the number of interaction and
therefore in the molarity of elwting ions which can




interfere with such interactions. The recognition that
HA can discriminate native and denotured DNA Loes
hack o 19621 [5]. Since thm early observation, which
has been the starting paint for impressive’ developments
in our understanding of the genetic materinl of cuka-
ryotes, a number of findings have been accumulated
confirming that nucleic acids endowed with rigid,
ordered siructures have more affinity for HA than
fMexible, disordered ones. As a1 matter of fast, this rule
is & geacral one and is also valid for proteins. A few
examples supporting this idea are the following. Double-
dranded nucleic scids, including native and renatured
DNA, replicative RMA, and double-stranded synthetic
polymers, anc all elwed at higher phosphate maolarities
sompared o the correspomding single-stranded ones.

In the case of proteins, the disruption of the secondas
r¥ and ferfiary structures of profeins by 8 M urea of
heat causes a strong reduction in their internction with
HA. This phenomenon can be explained by the fact
that the random coil configuration of the denatured
profein causes & decrease in the number of aminowcid
side-groups ahle 1o interact per unit of protein surface
in eomtact with HA, and, therefore, 5 decrease in the
clution molarity of denatured proteins. This decrease
may be due to the following reasons : 1) acidic or basic
groups which were present ot the surface of the native
protein will, in part, disappear from the “surface” of
the dematured profein, which ® known to Bove 3 Fan.
dom coil configuration; 2) local concentrations idue
to the existence of secondary and tertiary struciures)
of acidic and basic groups will disappear in the denatur-
ed state in favor of o more random distribution over
all the protein “surface”.

It should be very strongly siressed that while the
separation of native amd denntured biopolymers, parti-
cularly double-stranded and  single-stranded  nucleic
acids. has been and is being very widely used. much
fess has been done to exploit subtler discriminations
which HA can achieve within each class. | would like
ar least to0  mention separations  involving  native
DNAas having repetitive sequences : the most striking
cases concern DNAs having AT-rich spacers like veau
milechondrial DM As, the chloseplast and mitochondrial

dhs

DNA of Euglena. In the case of proteins, very fine
separutions have boen obtained for species showing very
small differences, like substitutions at a single amino-
acd peidue. It is clear that & capeful study of the
resolving power of the columns in the case of nucleic
acids could be very rewarding concerning these sepa-
Fulaons.
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Irisewssion

G, Rilln: Ts it your experience that proteins adsorbed 1o
Bydrosyapatite are rapidly denaturated 7

0. Bernardi : No. The contrary i frse. Very lobile pro-
ieins like lipo-profeing cam be chromalograpbed cn hydsoxy.
spatile witbout any probiem,

AS. Posner: Do you kave any olher prool besides
clution o say a carbaxy] group of a protein binds 10 the
surface HA cabsium

i, Bernardi: ™o



