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Five standard proteins (lysozyme ¡ ovalbumin,
ribonuclease A, aldolase and legumin) were analyzed by high-
performance hydrophobic interaction chromatography to
determine their retention characteristics as a function of
initial ammonium sulfate concentrat ion. Lysozyme was

retained most strongly, followed by ovalbumin and

ribonuclease. AIdolase and J.egumin were not retained. At a

characteristic initial salt concentration t,he retained
proteins were bound to the column at an increased rate. It
was arso found that for each protein a characteristic
initial sal-t concentration existed where the elution salt
concentration of that protein reached a maximum. These two

characteristic concentrations correlated well- and occurred

at a point were the capacity factor attained a val_ue of 1.

Thermal analysis of the three retained proteins
reveared that stability increased in direct proportion to
the amount of ammonium sul-fate in the environment until a

characteristic salt concentration was reached. Beyond this
point the rate of change in stability as a function of salt
concentration decreased. This change was attributed to a

steric IimÍtation to the number of intra-molecular
hydrophobic interactions that coul-d occur. The salt
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concentration at which this effect occurred correlated well
with the characteristic salt concentrations noted in the

chromatographic analysis .

surface hydrophobicity was determined fluorometrically
using 1-analino-8-naphthalenesulfonate (ANS) as a probe. It
was shown that the probe began to bind to the protein more

rapidly at the same ammonium sulfate concentration that
marked the change in stability for each protein. rt was

concluded that the increase in binding of the probe to the

protein and of the protein to the corumn was a result of the

decrease in the number of intra-molecular hydrophobic

interactions resulting in a proportionally larger number of
inte r-molecular interactions .

It was shown that the ratio (B) of ANS surface
hydrophobicity to molecular weight was ten times greate r for
proteins which were retained to the column as opposed to
those that were unretained. It was suggested that both B and

the characteristic ammonium sulfate concentration at which

the rate of hydrophobic interaction formation Íncreases show

promise as indices of retention for hydrophobic interaction
ch romatography .
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Hydrophobic interaction high-performance 1Íquid
chromatography (Hrc) is a reratively new technique for the
separationr euantitation and evaluation of proteins. Like
reversed-phase high-performance liquid chromatography (Rpc),

Hrc utilizes differences in the strength of hydrophobic

interactions between the proteins and the corumn to effect
separation. The conditions under which the separation takes

place are far ress harsh than is the case during Rpc. The

reasons for this are that the density of hydrophobic ligands
on the column Ís much less and that an aqueous satt mobile
phase is used instead of organic solvents. Even under these

milder conditions some proteins undergo conformational
changes or denaturation.

1. INTRODUCTION

rn terms of chromatographic behavior, changes in the
protein structure may result in broader peaks, changes in
retention time t ot even multiple peaks. These effects make

it difficult to analyze protein mixtures accuratery. protein

functionality in both biological and food systems is
affected if these changes are of a permanent nature.
conformationar changes may be brought about by the
hydrophobic character of the chromatographic column or by

the influence of the salt used in the mobile phase of the
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Hrc system. The former has been investigated by rngaham et
al. (1985). rt has been shown by rsmond et al-. (t9g6a) that
increased amounts of lyotropic salts such as ammonium

suLfate increase the stabllity of proteins by means of
electrostatic and hydrophobic interactions.

rt is the purpose of this investigàtion to study how

ammonium sulfate, in the concentrations used during Hrc,
affects the stabÍ1it.y and conformation of a number of
standard proteins. An attempt witl also be made to relate
changes in surface properties produced by different salt
conditions to the retention mechanism.



2.L

The model of globular protein structure proposed by

Kauzmann (1959) posturated that nonpolar amino acids wourd

tend to be buried in the center of the molecule whereas the
exterior surface of the molecule would be surrounded by an

outer layer of polar residues in contact with an aqueous

sorvent. He suggested that hydrophobic interactions prayed

an important part in the stab irízation of the globular
structure. A hydrophobic interaction is the adherence of
two hydrophobic entities in aqueous solution. lrihen an amino

acid of hydrophobic character enters a solution the
structure of the water in the immediate vicinity becomes

more ordered and hydrogen bonding between water molecules

increases. This requires an increase in energy to maintain

the system. lvhen two such amino acids come into contact the
water between them is excluded from the contact area
resulting in a corresponding reduction in water structure
and a lower energy requirement. For this reason hydrophobic

interactions may occur spontaneously.

Hydro phob ic itv

L]TERATURE REVIEW

Hydrophobic character in amino acids is associated with
their side chains. Based on Kauzmann I s model, Tanford
(1962) r plus Nozaki and Tanford (1970) developed a scale of



varues for the hydrophobicity of the amino acid side chains

in terms of the change in free energy of transfer between

ethanol and water. These val-ues approximated the change

found when a protein unfolds and the side chains are exposed

to water. Bigelow (r967) calculated Lhe average
hydrophobicity of several proteins by summing the transfer
free energies for aLl residues present and dividing by the

number of residues. His values v/ere intended to be an

estimation of the hydrophobic contribution to the stability
of the protein.

Neut ral salts , can effect the deg ree to which
hydrophobic interactions take place. Hofstee (r975) has

shown that salting-out ions enhances intramolecular, as well
as intermolecular, hydrophobic interactions as indicated by

the stabirízation of the protein's core. Tanford (1969)

indicated, however, that while high concentrations of these

salts enhanced hydrophobic associations, the solubility of
the protein could decrease since the availabilíty of water

molecules is reduced. conversely, salting-in ions do not
favor hydrophobic interactions. They have been termed

chaotropic by Hamaguchi and Geiduschek e962) because they
provoke unfolding, extension and dissociation on the
macromolecules 

"

Klotz (1970) prus Lee and Richards (r971) have shown

Ehrough x-ray diffraction data that a significant number of
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the nonpolar amino acid residues in proteins are exposed to
the water interface, as opposed to the model set forth
earlier by Kauzmann (1959). lrihile Klotz (I970) c]assif ied
residues as either exposed to the solvent or buried within
the moLecule he rearized that some amino acids were only
partially buried and a more comprehensive measuremenc was

required. rn 1977 Rackovsky and scheraga attempted to define
hydrophobicity and hydrophilicity in terms of the distance
of the residues from the center of mass and the orientation
of the side chains. This study was extended by Meirovitch ql
a]. (1980) when they developed two scales of hydrophobicity
based on the average reduced distance from the center of
mass and the average orientation angle of the side chains.
Chothia (I976) caLculated the accessible and buried surfaces
of a number of proteins and discussed the implications this
had on the theory of protein structure. Rose et al. (19g5)

used proteins of known structure to measure the average area

each residue buries upon folding and found a strong
correration with residue hydrophobicity as defined by Nozaki

and Tanford (197I).

There are a number of problems that arise when

calculations are based on x-ray diffraction measurements.

They are not compretely accurate since parts of the interior
are blocked from measurement by the exterior atoms.
Furthermore, those data are of a rigid structure while in
actual- fact, a protein is quite dynamic. This would affect
the calculation of solvent accessible surfaces. Fina11y,



although several scales of hydrophobicity have been devised,

there sti1l exists some disagreement with regard to
residues such as proline as to their relative
hydrophobicity. This disagreement resul-ts in some

uncertainty as to the true contribution of hydrophobicity to
protein stabilit.y.

2.2 Hydrophobic Interaction Chromatography

Affinity chromatography has been described by

Cutrecasas et al. (1968) as having near-ideaI properties for
selective column chromatography. fn this mode of
chromatography a biospecific entity such as an inhibitor is
bonded to a nonsoruble hydrophilic support such as agarose

by means of a spacer-arm or ligand. Enzymes and other
proteins without a significant affinity for the bound entity
pass through the column whereas those which recognize the

entity are retarded in proportion to their affinity
constant. Elution is achieved by changing the ionic
strength, the pH or by adding a competitive inhibitor.
However, in L974a O'Carra eÈ al. pointed out some serious

disadvantages t.o this technique due to non-specific
adsorption. o rcarra et al. Ã97 4b) reported that whire some

of these problems may have been due to ionic effects, the

most serious interferences stemmed from hydrophobic
interactions between the spacer-arms and the enzymes. They

showed that a hydrophilic spacer-arm eliminated most of the

non-specif ic adsorption.



Er-el- et al. (I972) coated Sepharose with hydrocarbons

having sidechains which varied in length and found thar some

proteins were bound more tightly as the length of the
sidechains increased. shaltiel (1974) showed that the
increased affinity was due to the increased hydrophobicity
rather than an increased ability of the arm to bind
inhibitors or to reach deeper into the active site. He

suggested that a homologous series of hydrocarbons coated

onto agaroses could be used to separate proteins. Each

member offered hydrophobic'armsn or "yardsticks' of
different sizes which would interact with accessible
hydrophobic pockets in various proteins, retaining only some

proteins out of the mixture. Further separation was achieved

by altering the nature of the eluting solvent. This study

formed the basis of what is now known as hydrophobic
interaction chromatography (HIC) .

rn affinity chromatographyr proteins which had been

adsorbed to the column were eluted by passing a mobile phase

through the corumn which contained a competing inhibitor, by

changing the pH of the solution or by changing the ionic
strength of the mobile phase. The sart used in the latter
mode often deformed the active site causing the protein to
be rereased. An increasing linear salt gradient was used for
this purpose. As HIC developed, the same methodology rÍas

carried over into this technique. Rimerman and Hatfield
(1973) plus Hjerten (1973) demonstrated that hydrophobic



interactions could be induced between proteins and a

hydrophobic adsorbent by concentrations of salt greater than

1l'1. The order of effectiveness folrowed the Hofmeister
series. Proteins were then eluted by means of a decreasing

salt gradient. Pahlman et at. Q977) studied the effêct of
high salt concentrations on the conformation of proteins.
Through the use of circular dichroism at constant ionic
strength, they showed that neutral sarts can cause
conformational and structural changes. However, sarting-out
ions caused only minor conformational changes whÍre salting-
in ions could cause severe conformational and structural
changes. rf salts such as ammonium surfate, sodium surfate,
and sodium chloride are used most proteins would not be

i rreve rsibly denatured.

2.3 Hiqh-performance Hydrophobic rnteraction chromatography

until the mid-1970's Hrc had been performed mainly on

derivatized agarose supports which are not suitable for use

on high-performance liquid chromatography (HpLc) since these

supports are unable to withstand the necessary pressures. In
1976 chang et aI. showed the feasibirity of combining these

two techniques when they v/ere able to derivatize silica with
heptanol- and polyethylene oxide. It was also shown by

Pfannkoch et ar. (1980) that silica based size-excrusion
corumns for HPLC showed a weakly hydrophobic character at

high sal-t concentrations.



2.3.I Column development

Kato et al. (1983) reported that two high-performance
(HP) Hrc stationary phases had been developed by bonding

butyr and phenyl groups to TSK-GEL G3000sI^I, a wide-pore
silica used in size-exclusion chromatography (sEc). The

starting material contained a hydrophilic layer to which the
active groups v/ere bonded by means of ether linkages. The

degree of substitution was o.12 and 0.r4 mmole/gram of
support.

Fausnaugh et al. (r984) used poryamíne-bonded sirica as

a hydrophilic matrix from which to produce seven different
stationary phases of increasing hydrophobicity. These

materiars were synthesized through acylation with anhydrides

and acid chlorides. The columns were characterized with
regard to protein retention, resorution and loading
capacity.

A series of six Hrc columns was reported by Gooding et
aI. (1984). These supports were prepared by covalently
attaching arkyl and phenyl moieties to a hydrophilic
polymeric matrix bound to macroporous silica. The effect of
chain length on resolution and selectivity was studied.

The use of wide-pore silica-based hydrophilic ether-
bonded phases for the Hrc separation of proteins was also

studied by Milrer et al. (1985). The hydrophilic matrix was



varied as welr as the ligand chain length. The corumns were

found to have no ionic Ínteractions at row sart
concentrations and were thus suitable for sEc as werl as

HI C.

Two resin-based col-umns were recentr.y rereased by Toya

soda Manufacturing company Limited. Both corumns were

deveroped by bonding hydrophobic aroups to TSKger G5000pw,

which is a hydrophilic-polymer-based material of large pore

size used for high-performance ge1 filtration. The first of
these, reported by Kato et al. (r984a), incorporated phenyl

groups having a density of about 0.1 mmole/mI, by means of
ether linkages. This column is sold as TSKger phenyr-Sprv.

The second column known by the name TSKger Ether-5pw
contains origoethylene g1yco1 bonded to the matrix. The

performance characteristics of this column was also reviewed

by Kato et al. (1986).

IO

2.3.2 Influence of Ligand Length and Density

Er-el et al . (r97 2) and shaltiel (197 Ð , work ing with
agarose open corumns, have shown that hydrophobicity
increases as the chain length of the "spacer-arm' increases.

Tanford (rg7Ð reported that the hydrophobicity of a linear
aliphatic carbon chain increased linearly with increasing
numbers of cHe groups. similarly, shai_tier and Er-er (1973)

and Hofstee (r97 4) have observed that since there was often
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a sharp increase in affinity for a given protein as the
number of methylene groups increased it. shourd be possible
to select pairs of adsorbents that show dramatic differences
in affinity towards one or a few proteins and only smarl

differences toward others.

Kauzmann (1959) pointed out that the introduction of
double bonds or branched chains reduced hydrophobicity as

compared to straight chains. This was coniirmed by Tanford
(r972) who also stated that aromatic agarose derivatives may

possess intermediate hydrophobicity between two consecutive

members of the alkyl-agarose series. Benzene for exampre was

equivarent to that of a 3-4 straight chain hydrocarbon.

The density of the hydrophobic groups on the agarose

was also found to make an important contribution. Jennissen

and Heilmeyer (1975) presented evidence that adsorption of
proteins to alkyl-agarose derivatives takes place at a

cr it ical group dens ity and is a funct ion of its
hydrophobicity. They also showed that the degree of
substitution determines the capacity of the support.
Pahrmann et a1. (r977) stated that the critical
hydrophobicity could be attained by increasing the density
or the chain length. However, he cautioned that higher
binding affinities required harsher eluting conditions which

might in turn lead to denaturation of the sample.

rnvestigators in Hp-Hrc have confirmed that the



relationships between the length and density of the
hydrophobic groups bound to the stationary phase and the
hydrophobicity of the column hold true for this new

technique. Fausnaugh et, al. (1984) report that as the atkyl
group was changed from methyl through pentyl and phenyl the
retention of a given protein increased. .weakly hydrophobic

columns such as the methyt column produced sharp peaks but

resolution between groups was poor. The stronger pentyl and

phenyl groups retained proteins but the peaks were broad and

therefore showed limited resolution. Binding butyl groups to
the matrix gave the best resurts. Ligand density for these

columns was determined to be I.4 to 1.6 umoles per square

meter. Gooding et a1. (1984) found that retention generally
increased in the order: hydroxypropyl, propyl, benzyl;
isopropyl , phenyl and pentyl . It $/as f ound that a smal_ I
change in ligand length, from propyl to isopropyl for
example, could result in a large increase in retention time

for some proteins. They pointed out that differences in
retention can also be caused by changes in ligand density
but that the differences in serectivity that they found had

to be attributed to the nature of the hydrophobic group.

l¡iiller et al . (1985) developed columns that not only va ried
in the length of the alkyt group but also in the rength of

the ethylene oxide groups in the hydrophilic matrix covering

the silica. Their results confirmed the effect of increased

figanO length but also showed that increasing the length of
the ethylene oxide groups decreased the retention of a given

T2
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protein. This would increase the ability of the
chromatographer to modify the coLumn hydrophobicity. Kato et
al. (1986) studied the differences between the resin based

columns TSKger Phenyl-5Pw and TSKgel Ether-5pw. over all_ it
was found that the Phenyr column gave better resolution but
that the hydrophobicity of the ether col-umn was ress and

gave better results when separating proteins that were

subject to denaturation.

2.3.3 Mobile Phase Effects

since Hrc was developed from affinity chromatography it
is not surprising that the early workers in this new form of
chromatography used methods similar to t.hose used in
affinity chromatography to bind proteins to the column and

then el-ute them. A stationary phase was selected which would

bind al-I or some of the proteins in the sample and then a

mobile phase was selected which was strong enough to elute
the proteins in order of increasing hydrophobicity. The

sorvents contained salting-in saIts, organic solvents and

detergents. Rimmerman and Hatfield (7973) were the first to
report the use of mobile phases of high ionic strength,
greater than 1 M., to induce hydrophobic interactions
between the proteins and the hydrophobic groups on the

column. The proteins were then eluted from the column with a

decreasing linear salt gradient. The order of effectiveness

of the salts used to induce binding followed the Hofmeister

series which is based on the effectiveness of salts in



causing the precipitation or "salting-outn of proteins

aqueous solution (Nisikawa and Bailon, I97S; pahlmann

al., 1977).

Gooding et al. (1984) reported a comparison of sodium

chloride, sodium sulfate and ammonium sul,fate in the mobile

phase. Ammonium sulfate was used most extensively since
halide ions corrode stainless steel in the equipment and

sodium sulfate gave solubility problems. Kato et al. (1984b)

tested sodium sulfate, ammonium sulfate and potassium

phosphate. rt was found that sodium sulfate retained weakly

hydrophobic proteins best but had a maximum sol_ubility of
1.5 14 at 25oc. salt concentrations used in Hp-Hrc frequently
exceed this va1ue. Ammonium sulfate and potassium phosphate

r^/ere similar in their ability to retain proteins. Howeve r,
it vras found that at pH I or greater ammonium sulfate would

produce ammonia and was therefore not stable. This effect
was also found to be temperature dependent. Nevertheless,

ammonium sulfate has proven to be quite popurar with
researchers. Schmuck et a1. (1986) compared 2 l¡t ammonium

sulfate with 4lvl ammonium acetate and found that the former

retained proteins more strongly under al-most all conditions.

T4

1n

ô{-

Initial salt concentrations were also shown to have a

significant effect. Kato et al. (1983) showed the dependence

of capacity factors on ammonium sulfate concentrations in

chromatography on Butyl-G300OSW and Phenyl-G300OSW columns.
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The capacity factors increased from near zero to rarge
values in non-linear fashion as the sart concentration was

increased from 0 to 2 yt. Fausnaugh (r994) found that by
reducing the initial concentration of sodium sul-fate a given
protein could be made to elute early, midway or late in the
gradient. rn the first and rast cases the peak width v/as

narrow but when the peak occurred in the middle of the
gradient it was wider. He concluded that this may be due to
greater resolution at intermediate ionic strengths resulting
in subfractionation of the protein or to a greater number of
adsorption-desorption steps occurring with a concomitant
increase in band-spreading. His results also showed that
selectivity $¡as affected by changes in initial ionic
strength since the most tightly bound proteins v¡ere affected
the l-east. rt was arso fert by this group that since, for
most proteins, a critical ionic strength is reached where

the protein begins to be strongly retained by the corumn,

this point could be used as an estimate of the native or
surface hydrophobicity of the various proteins.

studies have shown that pH, mobile phase additives,
flow-ratet gradient duration, corumn length and column
temperature affect retention and selectivity. Most of the
HP-Hrc studies cited here have been carried out in the pH

range 6 - 7 since most proteins are stable in this region.
Kato et aI. (1984b) have studied the effect of pH on resin
corumns and schmuck et al. (1994) have studied the infruence
of pH changes on silica-based columns. Both report that some



proteins exhÍbit sright variations in retention under

different pH values. These changes were not as great as when

ionic strength and ligand length were varied but it was fert
that differences in selectivity thus produced could be used

to improve resol-ution, keeping in mind the sensitiv ity of
silica to extremes in pH.

Kato et ar. (1984b) explored the effect of corumn

length (1 or 2 -7 5 mm columns), ftow-rate (0.25 - 1.5

ml,/min), and the length of the gradient (30 or 60 min) on

protein separation by Hrc. They found that longer columns

gave better resolution due to narrov/er peaks. A slight
improvement u/as found in resolution with srower flow rates

and this was especially true when longer gradients were

used. Longer gradients produced better separation especially
as flow rates increased. These improvements came at the

expense of longer analysis time and, in the case of highe,

flow rates and longer gradient times, greater samp. i

d i lut ion.
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The effect of adding organic solvents and chaotropes to
the final buffers on the elution time and recovery of
protein has also been considered by Kato et al. (1984b). of
the solvents tested, isopropanol proved the most effective
in decr easing the retention of late eruting compounds. lrlhen

added to the second buffer, an increase in concentration
produced a decrease in retention until a level of 7z was
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atLained at which point the trend was reversed. Different
proteins were affected to different extents by this
techniquei as a result this can therefore be used to enhance

selectivity. urea (2 M) and guanidine hydrochJ.or ide (4 t4)

were also examined for this purpose. The results attained
were similar to 5t isopropanol but the elution patterns were

different. This study did not discuss the denaturing effects
of these substances since the authors were mainly concerned

with the elution properties of the column.

Goheen and Engelhorn (1984) looked at the effect of
temperature changes on the elution of myoglobin, bovine
serum albumin (BSA), cytochrome c and lysozyme. Myoglobin

proved to be the most ideal of the compounds studied. It
never eluted at the solvent front and increased in retention
as the temperature was increased. On the other hand lysozyme

was relatively unaffected by temperature changes in the 0 -
45o c range studied. Between oo c and 30o c cytochrome c

eluted at the solvent front. Between 3Oo C and 35o C a wide

broad peak appeared and above this temperature retention
increased and the peak became narrow and sharp. BSA eluted

as a single broad peak above 30o C but as the temperature

dropped below 25o c a second earlier eluting peak appeared

which was not completely resolved from the broad peak. As

the temperature was reduced to 0o C the sharp peak grew at

the expense of the wide peak until at 0o C the wide peak was

not discernible from the baseline. rt was also noticed that
the presence of methanol in the mobile phase caused BSA to



be eluted as a sharp peak at all temperatures studied.

Kato et aI. have studied protein recovery on sirica
based Hrc columns (1983) and on resin based corumns (19g4a)

as well- as the ef fects of flow rate, gradient duratiort, pH,

initial sart concentration and mobite phase additives
(1984b). They reported, as did Gooding et a1. (1984), Milrer
et a1. and Fausnaugh et a1. (1984), that protein mass

recovery on HP-HÏC was generally between eighty and one

hundred per cent and that the recovery of enzymatic activity
was almost complete. Exceptions did occur, however. Gooding

et al. (1984) found that a pentyl column bound most proteins
irreversibly with 1 - 2 M salt. The n-butyl corumn tested by

Miller qE ar. (1984) also eluted no proteins. Kato et aI¿

(1984b) found thate(-lacLoarbumin was eluted as a broad
peak, /-lactoalbumin was not eluted and"(-amylase was eluted
with a 1ow yield on a TSKgel phenyl-Sptv column. However the

l-ess hydrophobic TSKgel Ether-SpI^I column studied by the same

group (1986) eluted these compounds with sharp peaks and

good recovery. rt was concluded that when the hydrophobicity

of the stationary phase exceeded a certain level proteins
can be retained irreversibly. This lever was not the same

for all proteins.
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Both reversed-phase liquid chromatography (RpLc) and

Hrc separate proteins based on hydrophobic interactions. rn

both techniques hydrophobic aroups are bound t,o the
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substrate and used to effect the separation. The greatest
physical difference between the two matrices is in the
density of the hydrophobic groups. Reversed-phase packings

commonly have ten to one hundred times the density of
hydrophobic groups found on hydrophobic interaction palkings
(Goheen, 1984) . Geng and Regnier (19g4) stated that it is
generalty accepted that the mobile phases used in RpLc alter
the 3 dimensional structure of most proteins during the
chromatographic process. strongly hydrophobic surfaces are

considered by cohen et at. (1984) to be capable of
denaturing proteins upon adsorption. Because the length and

density of ligands used in Hrc were ress and because Hrc

elutants were much mitder it would be expected that the
possibility of denaturation would be much less using this
new method of separation.

2"3.4 Denaturation on HPLC columns

Upon studying the effects of solvents and matrices on

protein structure, Lau et al. (1984) concluded that they had

demonstrated that the hydrophobicity of reversed-phase

columns resulted in the denaturation of proteins by

disrupting the hydrophobic interactions stabilizing the

native conformation. Denaturation occurred on binding to the

matrix. Even ultra-short (c3), 300 A pore matrix with
relatively 1ow carbon binding (2.92) did not prevent
denaturation of extremely stabre synthetic 2 stranded
hel- ical coils .



lngraham et aI. (1985) investigated the possibility of
denaturation on Bio-Ge1 TSK-phenyl-5-pvü Hrc columns. rt was

felt that some of the enzymes tested by Goheen et a1. (1984)

had undergone reversibre denaturation on the column and that
murti-subunit proteins might not always be recover'ed in
their native state. By comparing the results obtained from

reversed-phase columns and the previously mentioned phenyl

column in the reversed-phase mode with those from the phenyl

column in the Hrc mode it was possible to judge the effect
of temperature and the phenyl matrix on the conformation of
the proteins. Their data indicated that temperature
increases between 0 and 50 oc generally enhanced protein
binding to the HIC matrix without conformational change.

chromatographic evidence of conformationar- change was

shown by the increase in peak width and the growth of a

later eluting peak at the expense of the earrier native peak

with a temperature increase (Ingraham et al). For example,

myoglobin developed a very broad peak as temperature rose,

evidence that it courd exist in many partially unfolded

forms which $rere in rapid equilibrium. Cytochrome c on the

other hand moved from an earry eluting sharp peak to a broad

peak to a second later eluting sharp peak with increasing

temperature. This later behavior was interpreted as an

indication that this protein had undergone a Localized
conformational change.

rngraham et al. (1985) al-so studied the behavior of two

20



slrnthetic peptides, 11'4-22 and Tm-36. They showed by means of
circular dichroism that both peptides rdere 100g .( -herical
and both were dimers, arthough TM-36 h/as more stabre as a

dimer than ryi-22. chromatographic evidence suggested that
TM-36 was eluted as a dimer at ooc whire TM-22 was eluted as

a monomer. rt was felt that the quaterna4y structure of TM-

22 had been denatured by the phenyl matrix. As the
temperature was increased the quaternary structure of TM-36

and the tertiary structure of TM-22 were both changed

characteristic of denaturation. This was evidenced in the
chromatograms of the two compounds.

hlu et a1.(1986) studied the thermal behavior of
proteins in Hrc on the methyl corumn described by l4i11er qE

al. (1984). They used on-1ine spectroscopic data obtained
with a phoLodiode array detector to support their
interpretation of the chromatograhic information. rn
addition they have developed a general index (z varue)

characterizing protein retention as a function of salt
concentration. The z value is equal to the slope of the ploL

of 1og k I as a function of 1og aB where k I is the capacity
factor of the corumn and tB is the fraction of the mobire

phase that is represented by the B buffer. They demonstrated

that this value was shown to be equivalent to the number of
moles of water displaced per mole of protein adsorbed to the
stationary phase and as such was related to the contact area

of the adsorbed protein on the surface. As the protein

2L
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denatured the value of Z would increase. They found that
this new index was a sensitive measure of conformational
change.

This study was extended by v'iu et ar. (1996) . rn this
paper the authors further examined the vaLue of z as an

indicator of conformational change. rt was concluded that z

can be viewed as a measure of the free energy change of
adsorption under the condition of constant salt
concentration as a function of temperature. This value could

also be infruenced by ionization, association, conformation,

etc. Thus a change in Z d id not in itsel_f mean a

conformational- change but with a variation in temperature, a

knowledge of thermal unfolding in solution, and on-line
spectral analysis, a body of evidence could be assembled

which was consistent with conformational chanqe.

Using the techniques described previously, Wu e"l al .

have examined the behavior ofo(-lactalbumin under Hp-Hrc.

Their resurts indicated that the stationary phase acts as a

catalyst for the thermal denaturaLion of proteins and that
the extent of the catalytic effect $/as dependent on the
hydrophobicity of the stationary phase. They suggested that
operating at subambient temperatures woul-d reduce

denaturaLion of 1abi1e proteins. They also demonstrated that
metar binding proteins such aso(-lactarbumin could be

rendered more stablet ot more unstable, depending on which

metal ions were present in the mobile phase.



2_.4 Dif ferential Scanninq Calorimetrv

Differential scanning calorimetry (DSC) has been used

by many researchers to foll-ow the thermodynamic properties

of denaturation. The temperature and heat of transition
between states (ordered,/disordered, so1id,/1iquid, etc.)
provided the most important information yielded by DSC

analysis, since the more useful and interesting apprications
of the technique stemmed from an appreciation of how these

parameters varied with experimental or technological
conditions (Wright I 1984) . In the area of food research the

observed Dsc transitions relate mainly to processes such as

protein denaturation, starch gelatinization, and fat crystal
melting. These processes appeared as a peak on the thermal

curves because of their high order of co-operation, ie. the

rupture of inter- and intra-morecular bonding was al-most

simultaneous. The narrower the peak the more intramolecular
co-operativity that exsisted. Given the proper conditions,
denaturation can be fotlowed by aggregation which would be

exothermic in nature. should aggregation occur in the same

temperature range as denaturation the determination of the

denaturatÍon enthalpy wouLd be hindered. Furthermore,
renaturation would be prevented by aggregation preventing a

rigrous thermodynamic analysis since it would not be

possible to follow the thermodynamic changes that would

occur during renaturation.

23

Pf ie1 and Prival-ov (I97 6a rb, and c ) overcame the



probrems created by aggregation through the careful choice

of experimental- conditions such as concentration and

extremes of pH. Privlov and Khechinashvili (r974), in their
study of the thermal denaturation of ribonuclease, lysozyme,

chymotrypsin, clrtochrome c and myoglobin, showed that the

area of the thermar adsorption peak represented the
effective enthalpy of denaturation ( a H) and the temperature

at which the peak maximum occurred v¡as t"r*"0 the
temperature of denaturation (Td). They concluded from their
study that the enthalpy of denaturation was largely
attributable to the heat of rupture of intra-chain hydrogen

bonds and that its observed temperature dependence was a

result of an exothermic contribution from the cruster
formation of water molecules around newly exposed non-polar
groups of the proteins. This ordering effect decreased with
increasing temperature with the result that the apparent
enthalpy of denaturation increased with increasing
temperature.

24

DSc has been used to study the interaction of proteins

with a range of other substances, including polysaccharides
(Imeson et â1., I977), sugars (Donovan et al., 1975; Back Cl
aI. I979), polyhydric alcohols (Back et â1., Ig7gl, and

monohydric alcohols (velicelebi and sturtevant I rg79).
Sugars and polyols were found to stabitize proteins against

thermal- denaturation. This was believed to be due to their
ability to alter the structure of water and thus the
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strength of the hydrophobic interactions. Alcohols caused a

destabilizing effect which was berieved to be once again due

to its effect on water structure. In this case hydrophobÍc

interactions were hindered.

Delben and crescenzi (1969) investigated the thermal

denaturation of lysozyme in concentrated aqueous solutions
of urear guânidine hydrochloride, and hexmethylenetetramine.

lVright and Boul-ter (1980) have shown through the use of DSC

analysis that the legumin globurin from various pulse crops

undergoes single step denaturation. Donovan and Mapes (r975)

followed the conversion of ovar-bumin to s-ovalbumin and

Sochava et a1. (1985) utilized the DSC to study the
reversible and irreversible thermal denaturation of
concentrated globul-ar proteins. The capabil ity of DSC to
measure changes in protein stabirity brought about by the
presence of different salts has been demonstrated by rsmond

et al. (1986a), Arntfierd et al. (1986) and Harwarkar and Ma

(1987).

conformational- change with environmental variations. In
particular, it has been shown that differences in protein
stability and conformation under various salt environments

can be assed by monitoring the temperature of denaturation

and enthalpy of denaturation 1eve1s. Therefore, this
technique woul-d be of great val-ue in evaluating changes in
protein structure under the salt conditions used in HfC.

DSC can be used to follow protein



2.5 Fluores cence

The study of proteins by fluorescence using cis-
parinaric acid (CPA) as an extrinsic probe was first
developed by sklar et al. Ã977). cpA, a naturaL polyene

fatty acid, fluoresed under a hydrophobic environment and

readily simulated natural lipid-protein interactions. This

method was adapted by Kato and Nakai (1980) to determine the

effective hydrophobicity of proteins. They used the initial
slope (so) of the prot of relative fluorescence intensity as

a function of proteín concentration as an index of protein

hydrophobiciLy. The So values obtained for native proteins,
denatured proteins and surfacLant-bound proteins correlaÈed

well with the effective hydrophobicities obtained by other

methods. They showed that as the heat denaturation of
ovalbumin and lysozyme proceeded, So values increased in
direct relation to the increase of hydrophobic sites
exposed. This work was extended by Kato et ar. in 1981 when

the partial denaturation of ovalbumin and lysozyme was

correlated to their foaming and emulsifying properties.
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Several other workers have used CPA to study the

effects of changes in surface hydrophobicity brought about

by protein conformational change. lownsend and Nakai (1983)

employed CPA in the investigation of how surface
hydrophobicity affected foaming properties. They concluded

that while so played an important rorl in foaming, there was

no direct correlation. voutsinas, êt al. (1983) also used



CPA to study the effect of heat denaturation on the

emul-sifying properties of a wide range of proteins. Ismond

et aL. (1985) used DSC and surface hydrophobicity to foIlow
the changes in vicilin conformation due to electrostatic

modifications brought about by derivatization with rhaleic

anhydride. fn 1986a, lsmond et al. stud,ied the ef fects of

stabilizing and destabilizíng anions on the ability of
vicilin to form mice11es. The effect of pH on the same

phenomenon was also reported by Ismond et a1. (1986b).

Results from these studies were correlated with surface
hydrophobicity data assessed using CpA.

Hayakawa and Nakai (1985) have provided evidence that
hydrophobicity may be subclassified into aliphatic
hydrophobicity as determined by CPA fluorescence and

aromatic hydrophobicity as determined by using 1-anilino-8-

napthalene sulfonate (ANS) as the probe. They found that
aromatic hydrophobicity was closely correlated with protein

ins olubi I i ty .
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Conformational change can be expected to alter the

number of hydrophobic sites accessible to the environment of

the protein. Fluoresence studies using CPA and ANS have been

shown useful in assessing the hydrophobÍc character of the

protein surface.

environment where quenching does not occur these techniques

should prove usefut in monitoring changes in surface

I,Ihen used under conditions of changing
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hydrophobicity which may occur under Hrc. The combination of
DSc, fluoresence and HTc should provide strong evidence of
any changes in hydrophobic interaction and protein structure
which take place



3.1 Source of Proteins

Ribonuclease A (Type xrr-A) from bovine pancreas, Grade

r lysozyme from chicken egg white, Type rv rabbit muscle

al-dorase, and Grade v ovalbumin f rom chicken egg were

purchased from sigma chemical company. Legumin was prepared

from faba bean (vicia faba) meal according to the method of
Georgiou, (1987); Aldolase was supplied as a crystaline
suspension in 2.5 14 ammonium sulfate, 0.01 M Tris, 0.001 lvl

EDTA, and pH 7.5 from sigma chemical company. Extensive
dialysis against distilled water was used to remove the
salts from the aldorase preparation; the protein was then

lyophilized and stored at 40 C

MATERTALS AND UETI]ADS
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3.2 Hvdrophobic-fnteraction Chromatography

Hydrophobic-interaction chromatography (Hrc) was

carried out on a lVaters High-performance Liquid
chromatography (HPLC) system consisting of one t4-45 pump,

one Model 510 pump, a Model 680 automatic gradient
controller, a u6K injector, and a lvlodel- 441 absorbance

detector set at 280 nm. The column used r^ras a 75 x 7.5 mm



Bio-Ge1 TSK-Phenyl-5-PI^I column f rom Bío-Rad Laborator ies.
Retention times lvere determined using a shimadzu cR34

fnteqrator.

solutions having a concentration of z mg/mL of pÈotein

in 0.1 M phospate buffer, pH 7, were prepared for each of
the selected proLeins and injected individuarly onto the Hrc

column. rnitially, elutions for each protein were carried
out using a flow rate of 1 mL/min and a 15 min Linear
gradient from r.7 M ammonium surfate in 0.1 M phospate

buffer, pH 7t to 0.1 M phosphate buffer. These were the
conditions recommended by the manufacturer (Bio-Rad
Laboratories). A peak was produced at approximatery 2.4 min

when only the phosphate buffer was injected. rt was assumed

that this represented the void volume of the column. This

value was used to calcul-ate the salt concentration in the
mobile phase at which each protein was eluted. The

calcurations were carried out according to the folrowing
relationsh ip:
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CE = tl (tn - tm)l x CA

where C¡

Ctn

I"R

L
Lñ

¡tl

!
L^

Y

{-
Y

= salt concentration at elution
= initial salt concentration

= peak retention time

= void vol-ume

= time of gradient



Tf the cE were greater than 0 t{, further elutions were

carried out in which the starting concentration \¡¡as set
equal to CE and then to values between I.7 If and CE. fn all
cases the 15 min linear gradient was maintained and the cE

rdas calcuLated as before. The initial concentration of the

ammonium surfate was adjusted by means of the gradient
control-1er rather than preparing new solutions for the
initial gradient concentration. Also calcurated for each

chromatogram r^/ere the ad justed retention time (t,R) and the

capacity factor (k'). The first value is the difference
between the ret.ention time and the time needed for the void

volume to eIute. The capacity factor represents the amount

of time a solute remains in the stationary phase of the
chromatographic column. The latter is the ratio of time
spent in the stationary phase (t.R) Èo the time spent in the
mobile phase (tm). The capacity factor is a commonly used

measure of the ability of a column to retain a solute.

Jt_

3.3 Differential Scanninq Calorimet.rv

The thermal analysis of the proteins was carried out

according to the method of Arntfield and Murray (1991) using

a Model 9900 Dupont Thermal Analysis System. The ceI1 base

was a Dupont Differential scanning carorimeter, Moder 910,

operated under 300 psi of nitrogen. Samples were prepared by

mixing 10 mg of protein in 100 uL of 0.1 M phospate buffer,
pH 7 .0, to which had been added the desired concentration of



ammonium sulfate. rn addition to the initial 1.7 M ammonium

sulfate concentration, salt concentrations equival_ent to the

concentration calulated to exsist at the time of elution,
0.0 M' and other selected intermediate salt concentrations

were used. These are shown in Table 1. Approximately'10 mg

of each sample were weighed to an accuraqy of 0.01 mg using

a Mettler AE 163 analytical bal_ance, placed into a

preweighed Dsc pan and hermeticarly sealed. samples were

scanned as they were heated from ambient temperature to
120oc at a rate of 10 oc,/min. The only exception to this was

in the case of aldolase where it was necessary to increase

the upper temperature limit to 150 oC. The reference was an

empty, hermetically sealed DSc pan. The computerized data

analysis system which is a part of the ¡,lodel 9900 recorded

the temperature of denaturation and carculated the enthalpy

of the reaction. The changes in heat flow as a function of
temperature r./ere plotted and the results were printed on a

Hewlett Packard Model 7470A two pen plotter.
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3.4 Fluorescence

The proteins were prepared as Z mg,/mL solutions in
0.1 M phosphate buffer, pH 7 .0, containing the
concentrations of ammonium sulfate given in Table r. These

solutions were then diluted in serial fashion to give

concentrations of 0.0256t 0.064, 0.16, 0.4, and 0.6 mg/ml,. A

Perkin-Elmer Model LS 5 fluorescence spectrometer with the



Table 1 Ammoniun sulfate concentrations used as
conditions for the determination of the thermal
surface hydrophobicity values of five different

Salt Ovalbunin
Conc. (M)

1 .700

L.000
0. 850
0.7 65
0.680
0.600
0.5 L0
0.380
0.310
V. ¿JU
0.000

Legurnín

+
+
f

T

1

+
c
c
c
t

+

Lysozyme

T

1

+
I

+
I

1* - "o.r"entration used

2" - "orr"entration used

3t - "orr"entra.tion used
on1Y.

environmental
properties and
¡vat^.'¡^
HrvLcrrrÈ.

Ribonucl-ease

I

I

T

+
+
+
+

+
c

T

+
I

+

c
+
c

Aldolase

l_n all s Èudies.

chromatographie s tudies on1y.

t
+

1n

in therm¡l- and fluoresence studies

1

r
+

I

+
1



slit width set to 5 nÞI and the fixed scale set at 1.0 was

used to measure the relative fluoresence of arr the samples.

The temperature was maintained at 22 oC using a Haake DG-1

circulating water bath. cis-parinaric acid (cpA; calbiochem-

Behring Corporation) was used as a probe to determine Lhe

effective aliphatic surface hydrophobicity. using the method

of Kato and Nakai (1980), 3.6 x tO-3 ¡l cis-parinaric acid in
ethanol was prepared containing an equal molar concentration

of butylated hydroxytoluene as an antioxidant. A1I glassware

used was cleaned by boiling in nitric acid. Two milliliters
of a protein solution was dispensed into a cuvettet
intrinsic fluoresence of the protein was then measured using

an excitation wavelength of 390 nlvl and an emission
wavelength of 470 nM. The total fluoresence vras determined

by adding 10 uL of the cis-parinaric solution to the
cuvette, mixing, and reading the fluoresence emission. The

relative fluoresence was calculated by subtracting intrinsic
fluoresence from total fluoresence. The hydrophobicity was

given by the initial slope of the plot of protein
concentration as a function of rerative fluoresence
intensity. The aromatic hydrophobicty $¡as also determined

using 1-anilino-8-napthalenesulfonate (ANS; sigma chemicaL

Company) as the extrinsic probe. As described by Hayakawa

and Nakai(1985) the ANS solution was I mM in O.OZ tl

phosphate buffer, pH 7.4. The excitation wavelength was 325

nlvl and the emmission wavelength was 420 nM. Ar1 measurements

were carried out using the methodology given for CPA.
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3_'5 Prot.ein PhysícaI Properties

The amino acid content of the legumin was determined

according to the method of Bidlingmeyer et aI. (1984).

Legumin samples were dissolved in 0.1 N HCl Q0 ug,/ml) . A

sample volume corresponding to 0.1 to 5.0 ug was pipetted

into a 5 0x6 0 mm tube; the tube \,ras subsequently placed into
a vacuum vial. The vial was then attached to the lrlaters

Pico.Tag I¡Íorkstation and the solvent was removed under

vacuum. when dry, 200 uL of 6 N Hcl containing 1? liquid
phenol was added to the vacuum vial. The vial was then

replaced on the workstation and ai r vras removed by

alternately evacuating the vial and then flushing it with
nitrogen. The final step in the hydrolysis was to reduce the

pressure to 1-2 Torr and to place the sample in the
workstation oven at 105o c for 24 hrs. After hydrolysis, the

acid solution was removed under vacuum, then redried by

adding 10 uL of a freshly prepared solution of triethyramine
(TEA) , ethanol and wate r (2¿2zl) to the sample tube and then

drying it again under vacuum.
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The sample was derivatized with phenyrisothiocyanate
(PITC). The derivatizing reagent, prepared f resh dai1y,
consisted of ethanol-, TEA, water and Prrc (7 zr:1: r) . The

PITC amino acids were prepared by adding 20 uL of solution
to the sample tube and allowing it to stand for zo min at
room temperature. At the end of this time the remaining



solution was removed under vacuum and the sampre was diluted
with 200 uL of diluent solution containing 2mM disodium

hydrogen phosphate and 58 acetonitrile at pH 7.4.

The sample was anaryzed on the HpLc system described

previously using a hlaters Pico.Tag reversed-phase column

(15 cm x 39 mm). The column was maintained at a temperature

of 38o c by means of a hiaters Temperature control Modure.

The gradient described in Table 2 was used to eluÈe the

derivatized amino acids. Mobile phase A consisted of 0.134 M

sodium acetate containing 0.05t rEA and 6B acetonitrile and

adjusted to pH 6.40. Mobile phase B was 60 E acetonitrire in
water. Quantitation was carried out by means of external
standards. Amino acid standard mix H from pierce chemical

Company was used. The standards (5uL) hrere placed in a 50x60

mm tube and the same derivatization procedure used for the

legumin was fol1owed. The identification and quantitation of

the amÍno acids was carried out using the shimadzu cR34

Integrator. Since tryptophan is destroyed by acid
hydrolysis, the spectrophotometric method of Messino and

Mussaro (I972) for the determination of free and bound

tryptophan v/as used. The average hydrophobicity of legumin

was determined from t.he amino acid concentrations using the

method of Bigelow (1967).
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Table 2. Elution gradient used for the Pico.Tag analysis of legr:min.

Time
(min. )

initial

10 .0

10 .5

II..)

1.2.0

12.5

,)ñ ar

20.5

Flow
f-r.\(mrJ/mr-n. /

1.0

1ñ

1.0

1.5

1n

o, nI

L00

ô

0

100

100

100

%82

1% ¡tobil" phase A purnped.

27. ¡"tobíi'" phase B pumped.

3no 
",rt.r" involved

4slightly convex gradient curve

51itror. orráionr-

46

100

100

100

0

0

0
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Curve

)'
-5b-

b-

65

6'

6J

-56-



3-_0 Statistical Analvsis of Data

The data presented in this study were subjected to
analysis of variance and then examined by a Duncanrs test at
the 58 level of confidence to determine which varues were

significantly different. Ar1 data given in the form of
graphs were tested for correl-ation with the plotted curves

using analysis of variance. Both l-inear and fourth degree

porynomial fits were tested. The equations for these curves

together with the related correLatÍon coefficents are
presented in Appendix A.
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several factors were considered when selecting the
proteins to be used in this study. S.ince hydrophobic
interactions form the bas is upon which hydrophobic
interaction chromatography (HIC) retains proteins, compounds

were selected to give a wide variation in average
hydrophobicity (see Tabre 3). The proteins were also
selected to have a wide range of molecular weights since

both average hydrophobicity and surface hydrophobicity are

connected in some degree to the size of the molecule. A1so,

rysozyme, ribonuclease A and ovalbumin are monomers while
aldolase is a tetramer (penhoet et â1., 1967) and legumin

is believed to be a hexamer (wright and Boulter, rg7Ð.
Because fluoresence was to be used as part of the
methodology the proteins courd not contain metallic ions
since these ions have been shown to quench fruoresence.
Finally the proteins chosen had to be soluble within the

solvent systems used in this study.

4 RESULTS AND D-JSCILSSIO.N
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4.r Determination of Lequmin Hydrophobicity

The Bigelow hydrophobicity for legumin \{as noÈ

available from the literature and was therefore determined



Table 3. The molecular weights and
different proteins used in

Protein

Ribonuclease

Lys ozyme

Ovalbumin

Aldolase

T.aorlm i n

Mo1. Wt.

L3,700

14,000

44,000

160,000

3 63 ,000

Bíge1ow hydrophobicities of five
this study.

Hö
(ca1./AA res.)

780

890

980

960

Reference

40

{ankulov (1970).

Canfield and Anfinsen
(1e63).

Lewis et aL. (1950).

Anderson et a1. (7969).

Georgiou (1987).

Present Study.834



experimentally. Pico.Tag analysis was used to determine the
amino acid composition of legumin. Tryptophan 1eve1s were

measured by the method of Messineo and Musarra (1972). The

resu]ts of both these analyses are given in Tabre 4. These

val-ues were then used to calcurate the hydrophobicity (Ho)

of legumin according to the method of Bigelow (196'7). A

vaLue of B 3 4 calo r ies pe r amino ac id res.idue was obt ained .

This value was thought to be quite low considering that
regumin has. a molecular weight of 363r000 (Georgiou I ] gBT).

In comparison, lysozyme which has a molecular weight of
44t000 has a Hõ value of 890 calories per amino acid
res idue.

rn order to confirm the Hõ value obtained for legumin

the amino acid content of legumin for five different
cultivars of vicia fabar âs determined by utsumi et al.
(1980), were used to obtain Hõ values as a basis for
comparison. The resul-ts of these calculations are presented

in Table 5. varues ranging from B4B to g77 callAA residue

hrere obtained using the data of utsumi et aI. on the basis

of these data the value presented in this study (834 cal../AA

residue) appeared reasonable.

Ã1II

4-2 Hvdrophobic Interaction Chromatoqraphv

The initial operating conditions of the HIC column for
each protein were described previously. under these
conditions lysozyme, ovalbumin and ribonuclease A eluted at



Table 4. Anino acid content of leeumin frorn Vicia

Amino Acid

Gl-uta¡nic Acid
Aspartic Acid
Serine
Threoni¡e
Arganine
Lysine
Histidine
rî,.-^ 

^.:- ^¡J rv Þ!rc

Trypt ophan
Phenyl-alanine
Prol-ine
Glyc ine
Alanine
Vali¡e
Isoleucine
Leucine
Methionine
F--^+2^^vyÞ L!rE

L49d.

Concentration
(Mo1es/100 G)

L246.26
706.46
441.70

.320.7 4

284.47
r/+.oð
204.08

L7 .63
244.7 3
+J¿+.UO
508.52
J+J.Oð
287 .r7
782.09
L7 6 .07
40.68
¿¿. L+



Table 5. Average
anaLys is

hydrophobicities as
of legumin from six

Vieia faba
cultivar

Sanuki-Nagr" ryrl

S-N-Wase1

Gifu-!,lAse1

Kunamo t-Ch.rry,r 1

1

¡ÞÞull

DíanaZ

determined from the amino acid
cultivars of Vicía faba.

1'Amino acid eomposition

2Pao"oat < 1.rr ¡lr¡

Hö
(ca1. /AA
residue)

+J

87 6.63

847 .99

848.64

öol . y4

9^1 C')

834.L7

taken frorn Utsumi et al-. (1980)



17.25, 16.19 and 13.15 min respectively. since it has been

shown (Kato et â1., 1983) that the lyotropic salt (NH4) zsoa
induces hydrophobic interactÍons between the protein and

column, the order of elution was indicitive of the strength
of hydrophob ic inte r act ion be tween the indiv id ual prote J_ns

and the column surface. As the initial concentration of
ammonium sul fate \,/as decreased the retent ion time f or these
proteins decreased due to the reduced strength of the
hydrophobic interaction (Tables 6, 7 and 8 respectively). rt
might be expected that the order of elution would agree with
the Bigelow hydrophobicities given in TabIe 3. As can be

seen the Hõ values for these proteins in the order of
elution are 890r 980 and 780. Clearly there was no agreement

between retention time and overall Bigelow hydrophobicity.
This observation supported the belief that only the
hydrophobic sites located at the surface of the protein are

important for retention considerations.

^/l=T

The ammonium sulfate concentration at the time of
elution (CE) \.ras calculated and is also presented in tables
6,7 and 8. This value indicated the solvent environment of
the protein at the time of elution. It was interesting to
note that the C¡ value equalled 0.0 M for lysozyme when the
initial salt concentration $/as r.7 ¡4, rose to a maximum

value of 0.619 M when the starting ammonium sulfate
concentration was 0.765 !1, then returned to a value of 0.0 M

as the initial salt concentration approached 0.0 M. The

reason f or the originar cE varue of 0.0 ¡4 was that the



Tabl-e 6. High-pefornance hydrophobic í¡teraction chromatographic data
f or lys ozpe.

Ìnitial
(NH4) 

2S04
Conc. (M)

1.700

1.275

1 .000

0.850

0.765

0.680

0.600

0 .510

0.380

0.000

Retention
Tine
(r .M.'- \\LRr¡¡r¡r./

L/.¿t +u.oI

14.02+O.OO

9.70+9.91

6 .73+0.00

5 .40+0. O 1

4.29+O.Oga

4.20+9.774

^L
3 .72+0.00o,'

: .:g*0. oob

2.4L+0.00

Adirrcfaã
Re tention
Tine
(+t .Mj- I\ L Rr ¡¡¿¡¡. /

15.00+0.39

11.62 j0.00

7.50+0.01-

4. 23+0 . 00

2.96+0.09

1.94r0.014

1 .75+0. O8a

h

1 . 13+0.00"

o. e9*0. oob

0.00+0.00

Capaeity
Fact or
(k')

45

o . ó¿+v -99

4.8410.004

3.40+0.01a

1 .70+0. OOa

L . 13+0. O8b

O. 83 +0 . OZb

0.85+0.10b

^ 
/, 1,L^ 

^^"v.TlrV.VV

o.soi.oob

0. 00+0.00

tColurnn values foJ-1owed by
signif icantly dif ferent

Elution
Salt
Conc.
(C¡; M)

0.00+0.01

0.29+0.00

0. 50+0.00

0.61+0.004

0.62+0.01

0. 59+0. 004

0.52+0. 00

0. 47 +0.00

0. 36+0.00

0.00+0.00

the same letter are not
lP<ô rìql
\!'v.vJl.



Table 7. High-peformance hydrophobic interaction ehronatographic data
for ovalbumin.

Initial Retention
(NHr,) 

"sor. Tine
c.,,'-'f 'luï l r- . M.i - ì\rrl \ LR, ¡¡rrr. /

1.700

1.000

0.850

0.765

0.680

0.600

0 .510

0.380

0.000

1.6 .19+0.7I

13.77 +0.00

4.56+9 .21

3 .49+o.5za

3 . L.++0.004

2.94+O.tza

2.57+o.Lza

2.40+0.004

2 .40+0.004

2 .40+o. ooa

l\ Å :.. ^+ ^ÅâsJuÞ Lçu
Re tention
rfuË
(¡t .M;^ \\ L Rr ¡ rrr¡. ¡/

1 3. 88+0.494

LL.27 +O .OOa

2.53+o .49b

1. O5+0. O5b

o. z++0. oob

0.49+0.25b

0.38+0. o7b

0. 00+0.00

0. 00+0. 00

0.00+0.00

Capaeity
Factor
(k')

46

6.03+0.26

4.5 1+0.00

1.25+0.72

O. 43 +0 . 2Oa

0.3 1+0. 004

0. 21+0. 134

0.18+0.024

0.00+0.00

0.00+0.00

0. 00+0 . 00

'Column values foll-owed by the same letter are not
signifícantly dif ferent (P<0.05) .

Elution
Sal-t
Conc.
(C¡; M)

0.13+0.07

0.32+0.00

O. 83 +0 . O3a

^1^0.79+0.020',"

-L0. 73+0. 00o'"

0.66+0. O1c

0. 5 9+0. 00

0.51+0.00

0.38+0.00

0.00+0. 00



Table 8. Hígh-peformance hydrophobíc i¡teraction ehromatographic d.ata
for ribonuclease A.

fnitial
/ rttt \\l\flr.J obUr.
co.tð.'(uï

1 .700

L.275

1.000

0.850

0.765

0.680

0.600

0.000

Retention
Time
(+ .Mj- \\ LRr¡rrr¡. /

L4.27+0.05

5.35+0.03

3.34+0.01

3 .0u+9. gg

2.83+0.0t

2,7 ++O.OO

2 .40+0. OO

2.40+0. OO

Adjusted
Retention
Time
(t'*;Min)

10.68+0.064

2.84!O.O4a

O. 86+0.0 1a

0. 5 8+0. OOa

0.32+0.014

0. 43 +0 . 004

0.00+0.00

0.00+0.00

'Column values foLlowed by the same letter are nor
significantly dif ferenr (p<0.05) .

Capaeity
Fact or

(k')

+/

4.32+0 .04

1.13+0.02

0.35+0.00

0. 23+0. 004

0. 13+0.01"

^1-0. 19+0.00o'"

0.00+0.00

0.00+0.00

Elution
Salt
uonc.
(cE;M)

0.49+0.01

1 .03+0.00

0. 94+0. 00

0. 82+0. 00

0.75+0.01

0. 66+0. 00

0. 60+0.00

0.00+0.00



strength of the protein-column interaction was such that the
protein was eluted after the r5 min gradient was complete

and all the salt had been washed from the corumn. while
ovalbumin and ribonuclease did not give initial c¡ values of
0.0 M under these conditions they did begin at a Iow level,
rose to a maximum, and then returnecl to 0.0 ¡4. The maximum

c¡ value corresponded to a different initial salt
concentration for each protein. Lysozyme had the lowest CE

of 0 .62, ovalbumin had a val-ue of 0. 83 and r ibonuclease had

a value of 1.03. As the strength of the protein-column
interaction decreased a higher initial sart concentration
was required to retain the protein and to produce a maximum

c6 and hence the greater the varue of cE itself. A further
discussion of the pattern presented by the cg values wirl be

undertaken following an examination of the capacity factors
calcuLated from the chromatography of rysozymêr ovalbumin

and ribonuclease.

48

The column capacity factor (k ' ) is a widely accepted

measure of the ability of a column to retain a compound.

This was used by Kato et ar.. (r993) (using silica based

phenyl columns) to show the dependence of retention time on

the initial concentration of ammonium sulphate in the mobile
phase. capacity factors were calculated for lysozyme,

ovalbumin and ribonuclease and are also presented in tables
6,7 and 8. As can be seen from these values, the abirity of
the column to retain these proteins decreased with a

decrease in the initial salt concentration untir a point was



reached where the column could no longer retain the solute.
The point at which this occurred varied directly with the
strength of the protein-column interaction. The k' for each

of the three proteins was plotted as a function of the
initial salt concentration in Figure 1. As can be seen from
this graph the relationships were non-Iinear. statistical
analyses showed that lines drawn through the data using
linear regression had correlation constants of 0.943, 0.g76
and 0.799 for lysozyme r ovatbumin and ribonuclease
respectively. curves determined by fourth degree polynomials

had correlations of 0.995, 0.995 and 0.9995 respectively
(Appendex A). A rinear rerationship would represent the most

direct relationship between the initial salt concentration
and k r. The greater the slope of that line the more rapid
the increase in retention of the protein. As the sart
concentration increased, a threshold was reached for each

proLein above which k I rose above zero, indicating that the
protein was being retained. From this point the value of k r

increased at a rate which depended on the strength of the
proteinrs interaction with the column. Thus the slopes for
the curves showing k I as a function of initial ammonium

sulfate concentration (Figure r) were ordered as forlows:
lysozyme ) ovaLbumin ) ribonuclease A. on each curve there
exsisted a point, beyond which, the slope increased more

abrubtly. The trend was less obvious for lysozyme since the
rerationship between salt concentration and k ' closely
approximated a straight. 1ine. However, the change in srope
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Figure 1. The effect
concent rat ion
ovalbumin and
s-PW coLumn.

of initial amnonon the retention
ribonuclease using

ium sulfaÈe
of lysozyme,
a TSK-Phenyl-
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was quite obvious for both ovalbumin and ribonucrease. For

the purposes of this study this point was referred to as the
critical point (P). rt is possible thaL a biphasic
relationship may exsist between the data before and after p

in which the data on either side of this point might conform

to a straight line. Each of these lines would hàve a

distinct slope. The exsistance of such a ,relationship would

be strong evidence of a distinct change in the protein-
column interaction. proof of such a relationship wourd

require more data than courd be aquired in this study. This

is particularly true at concentrations above p in Figure 1

where there are only three data points for ovalbumin and two

for ribonuclease.

For each of the above mentioned three proteins p

corresponded to an approximate kr value of 1. since the
capacity factor is the ratio of the time spent in the
stationary phase to the time spent in the mobire phase, a

k I value of 1 would represent that point where the two

periods were equal. rnitial salt concentrations which would

give varues of k '= I for lysozyme r ovalbumin and

ribonuclease A were determined from the curve equations.
Ammonium sulfate concentrations of 0.66, 0.99 and 1.24

respectively \¡re re obta ined . They increased inve rsely with
the stength of the hydrophobic interaction between the
protein and the corumn. Lysozyme formed the strongest
interactions and hras followed by ovalbumin and ribonucrease.

52



The fact that the cE value rose to a maximum and then

decreased was discussed earrier. These val_ues were plotted
as a function of the k' values in Figure 2 and it can be

seen from this graph that the maximum value of cE

corresponded to k!=1. As the initial salt concentration
increased k' remained at zero untir the sart content was

great enough to initiate binding between the column and the
protein. The sart concentration requÍred depended on the
surface hydrophobicity of the protein, with rysozyme being
bound first folrowed by ovalbumin and ribonucl-ease
respectively. This was supported by the thermal and

fluoresence data (reported later) which indicated a steady
increase in hydrophobicity over this range of initial salt
concentration with no abrupt changes in stabirity. Figure 3

gives cE as a function of initiar salt concentration. The

period during which no binding occurred was characterized by

an initial slope of I since the protein eluted with the
solvent front and as a resurt cu was the same as the inÍtia1
salt concentration. The slope of the line decreased once

binding began (k' > 0) since the gradient reduced Lhe val_ue

of cE while the protein was in the stationary phase. During
this portion of the graph the increase in initial salt
concentration was greater than the increase in cE. At p (the

critical point) cn attained a maximum. This value became

successively higher f or lysoz)rme (0.62), ovalbumin (0.93)

and ribonuclease (1.03) since a higher ini-tia1 salt
concentration was needed to bind the proteins as the surface
hydrophobicity decreased from one protein to the next. rt is
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Figure 2. The effect of
of lysozyme,

retention on
ovalbumin and

the eLution environment
r ibonuclease.
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Figure 3. The effect of initconcentration on the
lysozyme, ovalbumin and

ial ammonium sulfateelution environment of
r ibonucl eas e .
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illustrated in Figure 1 that k' increased rapidly forlowing
P. The rate of increase in aromatic surface hydrophobicity
(discussed later) also rose sharply following the initial
sal-t concentration which gave rise to p for each of the
three proteins, indicating a corresponding increase in the
potential for the proteins to form hydrophobic associations.
At the same time the curve of cE (Figure n attained a

negative slope and rapidly approached zero. During the
period of residence on the column the Hrc . gradient reduced

the level of ammonium sulfate eluting from the column. since

an increase in retention meant that the proteins were held

on the column longer the gradient was able to reduce the

sart content of the elution environment (cE). The increase

in the rate at which the retenÈion changed following p

suggests that there is an important change in the binding
mechanism at this poínt.

Since both the maximum vaLue of, CE and k'=1 were

centered around the same point in the elution of a protein
and since the retention of the protein on the column was

dependent on its surface hydrophobicity, it was possible to
specurate that a change in the stabirity and,/or the

conformation of the protein takes place at this point.
Howevêrr the literature on hydrophobic interaction
chromatography does not address these features. In an

attempt to clarify what had happened to Èhe protein
conformation and stability between the ammonium sulfate
concentrations of r.7 and 0. 0 t{ and, more particutarily, at
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the point where kr=1, DSc and fluoresence data were obtained

for all five proteins under the same salt concentrations
used in the HIC portion of the study.

Aldolase and legumin were chromatographed unde,r the

same initial conditions as the above mentioned proteins but
they eluted at the void volume. As a result they vüere not
retained at all by this corumn. This resurt persisÈed even

when the inital ammonium sulfate concentration was increased

to 2 Nl. The possiblity that these proteins were excluded

from the pores of the column due to their rarge size
(legumin-363r000 and aldolase-160r000) does not seem 1ikely
because TSKgel Phenyl-5p!ü was manufactured from TSKgeJ_

c500OPw through the addition of phenyl groups. This original
material is described by Kato et a1. (1984a) as a

hydrophilic-polymer-based material of large pore size for
high-performance gel filtration. They go on to state that
the resulting HIC column is macroreticular having pores with
a diameter of severaL thousand angstroms into which even

very large molecules can easily penetrate. This column then

is adequate for proteins with very high molecular weights.
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Since the pore size of the column used here would

appear to be large enough to accommodate legumin and

a1dolase, the lack of retention must be caused by surface

features of the proteins. such features would include
surface charge and polarity as well as the accessibility of



these features to the active sites on the HPLC column. Since

the column material contains very 1itt1e if any charged

character, the presence or lack of charge on the protein
surface woul-d not have a significant infruence on retention.
The amount of surface hydrophobicity and its accessibility
to the column remain as the most logical factors affecting
the premature elution of these proteins.

Legumin and aldorase have rarge molecular weights as

compared to the other proteins in this study, (Tab1e 3).

chothia (197 o showed that the proportion of polar surface

buried when a protein folded remained constant (75 t 4Z) as

molecurar weight increased. on the other hand the proportion

of non-po1ar surface buried increased from 608 for
pancreatic trypsin inhibitor (t"I .W.6r000) to 7SZ for
carboxlzlgeptidase (14.I¡I. 34 t000) . This argument would indicate
that a 1ow surface hydrophobicity courd be expected for
legumin and a1do1ase.
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Kato et â1., 1983 suggested that HIC columns separate

proteins on the basis of relative surface hydrophobicity
rather than molecular weight. The results of this study

suggest that, while surface hydrophobicity played a central-

role, the mechanism of retention \{as more complex. Table 9

contains a comparison of morecular weights, aromatic surface

hydrophobicities, the ratio (B) of hydrophobicity to
molecular weight and the retention time for each of the

proteins studied using I.7 M as the initial salt



Table 9. A comparison of surface hydrophobicíty,
adjusted retention time for legumin,
ovalbumin and ribonuclease A.

Protein

T ^^,.- .: -LsË|.4r¡r

Aldolase

Ribonuelease

Ovalbumin

Lysozyme

-1ùo

J.voo

JIO

1n

Mol. Wt

t^
"o

.')

.Ö-
J+l

nol-ecul-ar weight and
a1do1ase, lysozyme,

363,000

160,000

13,700

44,000

14,00 0

the ANS surface hydrophobicity of the
ammonium sulfate as described in
section of this study.

the ratio of So/moJ_. \,rt.

.)

t1

o1

the adjusted retention tine of the protein on the HIC
column used in this study with an initial emmonium
sul-fate concentration of 7.7 14.

1 1a

I.OU

1.OU

xL0-

-2x10-

xru

x10'

x L0'

Èl -
"R
\m1n. /

U

U

protein in 1.7 M

the fl-uoresence

l.U.Ott

13.88

15.00



concentration. Aliphatic surface hydrophobicity was not used

since the results obtained in this study were not avaifable
in many cases. This comparison revealed that the ANs

hydrophobicity data did not correlate with the retention
data. when the values of B were considered it was seen that
the values for rysozyme and ovalbumin, two proteins'that
were strongly retained, were ten times,greater than for
legumin and aldolase which v/ere unretained. Ribonucl_ease

aLone did not conform to this pattern. This anomaly may be

explained by the fact that ribonuclease does not contain
tryptophan, the main aromatic component in proteins. ANs is
aromatic and may bind more easily to tryptophan than to
aliphatic side chains. supporting this argument was the fact
that the cPA hydrophobicity for ribonucrease appeared higher
than for lysozyme or ovalbumin (Tables 1o-12). The latter
two proteins had the same B values but. differed in retention
times, 15.00 and 13.88 min respectively. Tt is possible that
this small difference in retention may be attributed to the
difference in accessibility of the hydropbobic sites to the

bound column ligands as opposed to thÉ ANs molecules which

were free to move.
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The evidence given by clothia e97il that proteins bury

a relatively larger proportion of hydrophobic residues at
high molecular weights and the indication given by this
study that retention is governed by a balance of molecular
weight, surface hydrophobicity and the acessibility of the
hydrophobic sites to the column rigand suggests that legumin



Table 10. Dif ferential- scanning calorímetric and f luorometric ¿ata f or
1ys oz¡me .

InitiaL
Salt

Cone. (M)

1 .700 7 8.45+t.t3

L.275 77.5t+0.234

1 .000 77 .04+o.o4a'b

0.850 76.10+0.35b

0.765 75.89+O.L4b,c

0.680 75.49+0.07c,d

0.600 7 4.81+0.06c'd

0 .510 7 4 .4++0. O6d' e

0 .23 O 7 3 .25+0. 07 e' f

0.000 7 t.tt+O.z6f

Td1

oc

AH'

J/ g

5.77+3 .O9a

1.4.44+1 .24

11.31+1O.07a

1 .95+0. Oga

4.72+O.t4a

1.88+0.134

2.t1+O .2Oa

l-.65+0.004

1 . 85+0. O4a

2.53+O .t7a

CPA

23 .53+7 .444

63.09+35.874

_5

40.46+1 .4Oa

54.2!+42.354

20.7 8+9 .4Oa

LO .59+O . 47 
a

16.96+5 .4ga

L 8. 3 o+1 .404

5.98+2.544

'Td - Denaturation cemperature.

2 t,,- ¿IH - Entalpy of denaturation.
2-So - Surface hydrophobicity (Xato and Nakai, 19gO).

4^'lio - Surface hydrophobicity (Hayakawa and Nakai, 19g5).
tr"- Data not available.
6 colunn values followed by the sa*e letter are not

significantly different (P<0.05) .

\
U

ANS

224.23+L4.26

47.05+2.074

33.26+0.864'b

31 .27+3. 5 8b , 
c

16. 90+L . 60c, d

13.58+0.41d

t2.32+O .4td

10.22!.0 .7 6d

7 .25+L.24d

4.60+0.otd



Table 11. Differential scanning calori¡oetríc and fl-uorometric data for
ovalbumin.

Init i al-
Salt

Conc. (M)

1 .700 103 .04+0. 17

t .27 5 L00..82+O .7 3

1 .000 99 .49+O .13

0.850 98.14+0.02

0 .7 65 96 .45+O . zza

0.680 96 .62+0.z6a

0 .310 93 .29+O .05

0.000 90.55+0.19

Td1

oc

.^H2

J/s

11.06+0.024

g .42 lO .5 4a

9.69+0.L24

L0.42+O.tLa

11,.36+0.784

10.37+0.054

72.04+O.L3a

13 .20+O .464

\"o
CPA

'Td - Denaturation temperature.
)-AH - Enthal-py of denaturation.

"So - Surface hydrophobieity (rcayto and Nakai, 19gO).

4^'So - Surfaee hydrophobicity (Hayakawa and Nakai, 1995).
çJ - Col-umn values foll-owed by the same letter are not

significantly different (p<0. 05) .

24.63+t.I3a

L3.02+2.zgc,d.

20.55+1.114

t2.gg+0.17c,d

t5.34+2.67u ,''u

rr.orfo.aed

Lt.22+L.ltd

7g.04+2. 5 1b'c

64

"o

ANS

7 O 4.62+702.7 8

344.32+33.694

254.g4+lg.35a'b

204.go+8,044'b ' c

225.g0+41,.22a'b 'e

165 .33+g.53b'c

1 og . 85+2. 4gb'c

79.97 +t.62c



Table 12. Differential- scanning calorinetric and fl-uorornetric data for
ribonuclease A.

Init i a1
Salt

Conc. (M)

1.700 75.60+0.07

| .27 5 7 4,7 5+0 .02

1 .000 7 2.7 6+0.07

0.850 71,.64+o.Oga

0.680 77.40+o.27a

0 .3 80 68,7 8+0 .t7

0 .000 66 .04+0. OS

1

Td-

oÍ
t\H'

at É

L. 80+0. o3a

18.99+3.70b

2.83+0.074

2.77 +O .Ola

2L.OL+4.89b

2.54+O.r3a

2.87 +O .L5a

"o

CPA

1'Td - TemperaÈure of denaturation.
2" AH - Enthal_py of denaturation.

"So - Surface hydrophobicity (Kato and Nakai, 1990).

4^'so - Surface hydrophobieity (Hayakawa and Nakai, 1995).
tr-- - data not available.

Column values followed by the same Letter are not
significantly differenr . (P<0.05) .

o)

72.L2+18.7 5a

_5

62.99+2.084

2L0.57+157.724

123.80+0.004

LL5 .29+89 .7 5a

7 .60+0.7 6

lL

"o

A}J S

O 7q-Lô 07

7 n?+ô 10

+.Ol *O . SS^

^L
3 . 96+0 .36o'"

^L^3.66+o.o9o'"'-

z.rz;.osb,c

1 .66+0. L 1c



and aldolase were unable to interact sufficently with this
column to be retained. The strength of the column protein
interaction could be increased by using a more hydrophobic

column' that is to sê!r one with either a more hydrophobic

ligand or one that has a higher density of phenyl groups.

4.3 Differential Scanning Calorimetry

Arntfield et a1. (1986) and rsmond et af. (19g6a) have

used differentiat scanning calorimetry (DSc) to forrow
changes in protein stability with environmental
manipulation. They have shown by this means that as a

protein became more stable the denaturation temperature (Td)

became higher. some salts such as sodium chloride increased

stability while others such as sodium thiocyanate reduced

the stability. The resulLs obtained in this study for the

effect of increasing amounts of ammonium sulfate on the
conformation of lysozymer ovalbumin, ribonuclease, aldolase
and legumin (Tables 10 14) supports their findings for
lyotropic sa1ts. rn all cases an increased concentration of
the salt produced a higher Td and thus greater protein
stability. rsmond et ar. (1986a) also found that the
enthalpy of denaturation ( a H) increased when some

stabilizing anions (including SOJ2) were present. There were

no marked trends found in the denaturation enthalpies which

could be related directly Lo the patterns noted with regard

to the Td values. However, there were some significant
changes in A H under the salt conditions used in this studv.
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Table L3. Differential scanning calorimetric and fluoronetric data for
a1do1ase.

Initial
Sa1 t

Conc. (M)

1 .700

1 .000

0 .850

0.7 65

0.680

0.510

0.380

0.000

Td1

oc

67 .2t+0.L7

65 .96+O.ZZa

66.55+0.06

66.06+O.Oza

66.06+O.O2a

65 .5 8+0. O:

64.53+O .Ol

64.05+0.04

63 .L9+0.L7

4H'

..)/ g

13.60+0.344'b,c

72.go+t. 43b'c

L3.32+0.61a,b,c

-L^L4.42+0.35o"''

15.15+0.594

^L^L3.44+L.13o""
-L^12.81+0.09o'""

!2.18+l.Olc

L4.g4+L.31a'b

-o

CPA

o/

'Td - Denaturation tmperature.

'AH - Enthal_py of denaturation.

-So - Surface hydrophobieity (Kato and Nakai, 1gg0).
4^'so - Surface hydrophobieity (Hayakawa and Nakai, 19g5).

-- - Data not avail_ab1e.

column values follorved by the same Letter are not
significantly dif ferent (P<0. 05) .

66.00+0.11

_5

5

_5

_5

_5

_5

_5

20. 06+0 . 90

^4"o

ANS

43 2. 00+91 . Ooa

335. 00+53. g5a,b

287.98+25.38b

3 01. 6O+4.55b'c

¿79.50+73.3Ob'c

278.45+3. O5b'c

787 .20+3.50c'd '

77.55+0.65d



Table 14. Differential
legunin.

Init i aL
Salt

Conc. (M)

1 .700

t.275

1.000

0.850

0.765

0.680

0.5 L0

0.380

0.000

scanning cal-orinetrie and fluorometric data for

Td1

oc

L28.49+t.01

1,23.82+0.08

LL9 .98+0.42

1 1 4. 26+O . O8a

113.31+0.12a'b

1tz.90+o.otb

108 .5 9+0. 28

94.73+0.08c

94.83+0.00c

AH"

,)/ g

27.42+0.294

27 .33+0.2f

25.97 +7 .694

23.25+0.384

20.09+1.1La'b

23.77 +t.704

t3,22+l .zob

L3 .84+O .7 2b

72.13+0,29b

CPA

68

1rmlfu -

'¿\ H

"o
4ù̂o-

5__

6

50.04+2.8L

_5

_5

7 1.7 8+3 .36

_5

_5

_5

_5

42.99+L4.82

¿L

"o

ANS

Denaturation t empe rature.

- Enthalpy of denaturation.

Surface hydrophobicity (Kato and Nakai, j.980).

Surface hydrophobicity (Hayakawa and Nakai, 1985).

Data not availabl_e.

¿JJ / . U)+))..21

2L54.08+0.004

2050.72+O.OOa

1297 ,5 8+5 .57

L799.00+L1,.92

156 L.00+53 .28

601.65+11.5

181.30+4.70

Column values followed by the same letter are not
significantly dif ferent (P<0. 05) .



At I .27 5 14 ammon ium s ulf ate the

increased from L.95 J/g at 0.85 M salt to 14.a4 J/g at r.27s
M ammonium surfate indicating a sharp increase in stabirity
at this point. similarily, ribonucrease showed significant
increases in a H at r.275 M (18.99 J/g), at 0.76s M er.64
J/g) and 0.68 M Qr.Or J/g). A complete listing of these

values is given Ín tables 10 - 12

The denaturation temperaLures for lysozyme, ovalbumin

and ribonucrease have been plot.ted as a function of initial
sal-t concentration in figures 4 | 5 and 6, respectively. Low

concentrations of ammonium sulfate produced a linear
relationship with Td values but at higher concentrations the

rate at which Td increased vrras signif icantly reduced. This

trend was most evident for lysozyme (fig. 4) since the shift
in rates occurred at a lower salt concentration. However,

the same pattern could be observed for ovalbumin and

ribonuclease. Regression lines were plotted through the

linear portions of the data where the correration
coefficents were greater than 98e. The resulting plot
resembled the biphasic model employed by Arntfield et a1.

(1986) except that the break point did not occur at one

specific salt concentration for all the proteins tested. The

break point observed here occurred at the same salt
concentration associated with the critical point (p)

described in the discussion on k' and CE (Figure 1)

indicating that the abrupt increase in retention was

associated with the decrease in the rate of protein

H value for lysozyme

69



F igur e 4. The
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Figure 5. The
the

ef f ect of ammonium sul_fate
denaturation temperature of

concentration
ovalbum in.

on
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F igure 6. The
the

effect of ammonium sulfate
denaturation temperature of

concentrat ion
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stabilization. rt is also possible that the data reported
nere were biphasic at these salt concentrations but as in
the case of the biphasic nature of k' more data would be

required for conformation of this mode1.

Arakawa and Timasheff (1982) indicated that the
presence of hydrophobic areas on the p.rotein surface in
contact with water causes an ordering of the water molecules
next to the protein. This woutd be a thermodynamically
unfavorable situation since it would cause a rarge decrease

in entropy. A lyotropic salt such as ammonium sulfate wourd

be preferentially hydrated by the water thus drawing water
molecul-es away from the protein hydrophobic sidechains. As

water molecules are withdrawn, the hydrophobic areas of the
protein would have a greater ability to form hydrophobic
interactions with other hydrophobic sites on the protein,
with hydrophobic sites on the Hrc column or with hydrophobic

probes such as those used in the fuoresence portion of this
study. such interactions would be thermodynamically more

favorable than the water-protein interface. As the initial
salt concentration was increased more water would be removed

from the vicinity of the protein and more hydrophobic
interactions would be possible.
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rn the Dsc analysis of the proteins in this study the
only hydrophobic sites present were those on the proteins
themserves, therefore, as the salt concentration was

increased the number of intra-morecurar hydrophobic



interactions increased. These interactions stabilized the
proteins and higher Td values were recorded. The linear
portions of Figures 4-6 are evidence of this occurrance.
However, each protein must reach a characteristic point at
which intra-molecular interactions would become, more
difficurt due to steric considerations. As this situation
developed, more energy would be required to form such
associations. rn Figures 4-6 this can be seen as a decrease

in the slope since a larger increase in salt concentration
rdas required to bring about an increase in Td. The

characteristic point at which the rate of increase in Td

(slope) began to decrine were 0.76s M, 1.000 M and r.275 I{

for lysozyme, ovalbumin and ribonuclease, respectively.
These concentrations correrate closely with the initial sart
concentrations which produced the critical point (p).

rn an environment in which hydrophobic sites other than
those on the protein surface lsere present in sorution there
would be competition as to whether intra- and inter-
molecular hydrophobic interactions would form. such \.ras the
case during the Hlc and fluoresence analyses. At initial
salt concentrations below p in Figure 1 the slope of the
curves is a result of the competition between intra- and

intermolecular hydrophobic interactions. Above p intra-
molecular associations required more energy and fewer were

formed. As a result inter-molecular hydrophobic interactions
between the corumn and the protein increased more rapidry
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causing k' to increase sharply. rn a similar manner the
binding of ANS to the protein increased sharply once the
intra-molecular hydrophobic interactions were inhibited. The

binding of ANS wilr be discussed more fulLy 1ater.

Even though aldolase and legumin were not retain'ed on

the Hrc column they were anarysed by DSC using the same salt
concentrations used for the other proteins. The results
obtained are presented in tables 13 and 14 whire prots of Td

as a function of initial salt concentraLion are given in
figures 7 and 8. unlike the monomers discussed above, the
graphs of these polymers did not show a rapid increase in
stability at low salt concentrations. rn the 0.000 - 0.390 t4

range legumin remained relatively unchanged as indicated by

Td and ÁH values. Aldolase increased slightly in stabirity
between 0.000 and 0.510 M as indicated by the increase in
denaturation temperature (63.r9 - 64.s3 oc). As the initial
salt concentration increased to 0.850 M both Td and 4H

values increased in a linear fashion. BeLween 0.850 M and

1.000 1"1 the rate of increase in stabilit.y for ardolase began

to decrease in a manner similar to that seen in the retained
proteins with the exception of a significant decrease in
stability at r.275 14. Legumin increased sharply in stability
between 0.380 M and 0.510 14 initial salt then decreased the

rate of change in stabilty between 0.765 ¡jt and 1.700 M sart
concentrations. once again there was a period of decreased

stability, in this case between 0.765 ¡{ and 1.000 M. It
would be reasonable to specul-aLe that the differences

tó
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Figure 8. The
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effect of ammonium sulfate
denaturation temperature of
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displayed by aldolase and legumin as compared to lysozyme,

ovalbumin and ribonuclease occurred due to changes in the
bonding status of the subunits. However, investigation into
this concept would require a separate study.

An examination of the range of denaturation
temperatures exhibited by these proteins over the sart
concentration range studied revealed considerable variation.
The total changes in Td obse rved f rom 0 t,o L.7 ¡4 ammonium

sulfate were; lysozyme-5.10 oCr ovalbumin-l 4.ZI oC,

ribonuclease-9.56 oc, aldolase-3.00 oc and regumin-37.06 oc.

since an increase in Td represents a corresponding increase

in stability, those proteins with a larger change in Td must

have increased more in stability. rt is shown in table g

that lysozyme and ovalbumin have the same value for B and

yet ovalbumin elutes from the Hrc corumn more than a minute

earlier Lhan lysozyme. rf the larger decrease in Td values
refrected a greater decrease in stability of ovalbumin due

to an increased openness of structure the difference in
retention may have been due to a greater excrusion from the
packing material or a reduced access to hydrophobic sites on

the column. However, confirmation of this observation was

beyond the scope of this study.
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4.4 Fluoresence

changes in protein conformation due to thermaL



denaturation have been followed by Kato and Nakai (19g0)

using fl-uoresence spectrophotometry with cisparinaric acid
(cPA) as a probe for aliphatic hydrophobicity. Hayakawa and

Nakai (1985) have used ANS in a similar manner to assess

aromatic hydrophobicity. rsmond et a1. (19g5) followed
conformational changes in vicirin brought aooùt by
electrostatic surface modifications, also using cpA.
Denaturation of the protein, in these cases, resulted in
increased exposure of hydrophobic sites which in turn
produced an increase in the fluoresence exhibited. rt would
be expected that an increase in stability wourd correspond
to a decrease in fruoresence since hydrophobic sidechains
would become buried inside the protein.

The proteins used in this research were examined for
fruoresence activity at the same ammonium sulfate levels
used in the st.udy already described. rntrinsic fluoresence
was first measured and then the fluoresence achieved by
means of a probe. The increase in fluoresence (relative
fluoresence intensity) represented the effect caused by the
binding of the probe. Relative fluoresence was plotted as a

function of protein concentration as described previously.
The slope of the regression l-ine produced for this plot gave

a measure of the surface hydrophobicity (so) for the proLein
under the conditions tested (Kato and Nakai, r9g0). For each

protein the surface hydrophobicity was determined several_

times at each salt concentration. rn order to be considered
acceptable the individual readings in Ewo consecut ive
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determinations of the surface

to possess not less Lhan 92 t
line . Both ANS and CPA probes

presented in tables ]0 14.

The ANS hydrophobicities for the five proteins studied
were plotted as a function of initial salt concentration and

are presenLed in figures 9 - 13. The feature of these graphs

that stood out, considering the above discussion, is that
the hydrophobicities increased with increased salt leveIs.
rt has been shown through DSc data that increased levels of
ammonium surfate produced a more stable protein and fewer

hydrophobic sites wourd be expected to be available to bind

ANs since the sites would be occupied in the stabilization
process. Nevertheless, as the initial 1evel of ammonium

sulfate increased the surface hydrophobicity, as measured by

ANS, also increased. studies using constant concentrations
of individual amino acids and increasing amounts of ammonium

sulfate revealed no increase in fluoresence. This indicated
that an increase in the amount of probe bound to the protein
and not the amount of salt in itself was the cause of the

change in fluoresence. Ivloreover, between the point where the

rate of Td change decreased and the 1.7 M maximum salt revel
the hydrophobicity increased sharply for the three proteins

retained by the coLumn. Hofstee (1975) showed that lyotropic
salts such as ammonium sulfate enhance intermo]ecular and

intramolecular hydrophobic interactions. It is believed that

hydrophobicity were required

correlation to the regression

were used and the results are
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F igure 9. The
the

effect of ammonium sulfate concentration onaromatic surface hydrophobicity of lysozyme.
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Figure 10. The
the

effect of ammonium sulfate concentration onaromatic surface hydrophobicity of ovalbumin.
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Figure 11. The effect of
the aromatic
nucle ase.

ammonium sulfate concentration onsurface hydrophobicity of ribo-
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Figure 12. The effect of ammonium sulfate concentration onthe aromatic surface hydrophobicity of ãraorase.
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Figure 13. The effect of ammonium surfaÈe concentration onthe aromatic surface hydrophobicity of 1ãgurnin. 
-
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this occurs due to preferential solvation of the sart thus
removing water from the area of hydrophobic interface,
(Arakawa and Timasheff, r98Ð . when both a protein and ANs

are present in solution with ammonium sulfate, hydrophobic

interactions take prace within the protein and between the
protein and ANS. At some point steric and charge limitàtions
would slow and finally halt intramolecular hydrophobic
interactions. Beyond this point competition for hydrophobic

sites on the protein surface between ANs and other protein
oriented hydrophobic sites wourd begin to decrease and the

rate at which ANs was bound to the protein would increase
sÍgnificantly. rt should be kept in mind that when an

increase in surface hydrophobicity was discussed as a result
of an increase in lyotropic saLt concentration the phenomena

that was being reported was assumed to be an increase in the
number of hydrophobic interactions and not the number of
hydrophobic sites on the protein surface. This assumption

was made because the number of hydrophobic sites on the
protein surface wourd be expected to decrease slightly due

to intra-molecuLar interactions. such interacLions could

cause the prote in to cont ract s1 ightly thus removing
hydrophobic sites from the surface.
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The fluoresence activity of aldolase and legumin were

also studied under the same conditions of initial sart as

those used for lysozyme. The results are included in tables
13 and 14 while the graphs of ANS surface hydrophobicity are
given in figures 12 and 13. AldoLase exhibited a constant



increase in the amount of ANS bound as t.he inítial ammonium

sulfate concentration \¡/as increased. There was no evidence

of a break point such as those noted for lysozyme, ovalbumin

and ribonuclease. possible reasons why this was not noted

were that it occurred aÈ a salt concentration greater than

r -7 M or that one did not exsist. The ANS surface
hydrophobicity for legumin followed much the same pattern as

the plot of Td as a function of initial ammonium sulfate
concentration. Between 0.0 and 0.38 M the hydrophobicity
increased gradually. fhis segment was followed by a rapid

increase to 0.51 M. From this point on the rate of increase

in so gradually decreased with the exception of an abrupt

decrease in hydrophobicity of approximately 500 units at
0.85 M. This area of sudden depression in So was accompanied

by a decrease in both denaturation temperature and enthalpy

of denaturation (see table 14). These resurts suggested a

significant structural change at this point. It has been

suggested by lrlr ight and Boulte r (rg7 4) that some of
legumin's subunits are covalently bound and others are held

by hydrophobic interactions. rt is possibre that the shifL
detected here was associated with this latter group but

further research would be required to evaruate this
hlpothesis.
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cis-parinaric acid has been used successfulry as a

fluoresence probe for the determination of surface
hydrophobicity by several researchers. Kato and Nakai (1980)



and Kato et aI. (1981) both used this method to study the

surf ace hydrophobicit.y of lysozyme and ovalbumin. lvhi1e

these studies used 0.01 M phosphate buffer excrusively,
rsmond et al. (1986a) measured the surface hydrophobicity of
vicilin in the presence of several salts using this method.

However, the results obtained in this study using'cis-
parinaric acid were very erratic. rn some instances where

results are not reported (see t.ables 10 - 14) , a slope could

not be calcurated across the normal protein concentration

range and as a result surface hydrophobicity data could not
be obtained. lvhere cpA hydrophobicities are reported they

have met the criteria of correlation and repeatability
described in the methods section. However, the variation
which occurred from one salt concentration to another and

from one protein to another made it impossibre to make any

meaningful interpretation from the data.

4.5 Relationship of Hrc, DSC and Fluoresence Results
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As discussed in the Hrc portion of this study the

initial ammonium sulfate concentration at which cE attained

a maximum was also the concentration at which k' equalled 1.

This held true for all proteins retained by the column in
this study. lrlhen the initial salt concentration was

increased further, k' increased more rapidly than before

while CE approached zero. Analysis of the DSC data
indicated that protein stability increased at a fairly
constant rate until P was approached. Beyond p the stability



increased at a significantly slower rate. ANS surface
hydrophobicity also increased prior to p despite a

theoretical decrease in hydrophobic sites due to the intra-
molecurar interactions that occur with increased protein
stability. At higher initial sal-t concentrations ANS surface

hydrophobicity increased sharpry. Ammonium suLfate's ability
to induce hydrophobic interactions was demonstrated in
Figure 1 and dramatically emphasized by the plots of ANs

hydrophobicity as a function of initial salt concentration
(rigures 10 14) . The binding of ANs to the protein was

perhaps more dramatic than the binding of the protein (k')
to the column since ANS was always present in excess and was

mobile whereas the col-umn phenyl groups were fixed to the

column matrix.

comparisons of the ptots of k I and cE as a function of

initial salt concentration revealed that the former gave a

better indication of the retention characteristics of the

protein on the column since CE gave zero values once the

gradient was completed. The CE plot gave the best graphical

representation of the location of p, marked the end of
gradient effects and represented the environment of the

protein on elution from the column.
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In terms of the protein conformation under changing

salt conditions, p appeared to be of significant importance

since it was here that protein stability began to decrease

and the rate of change in hydrophobic interactions



increased. This point was clearly defined by the HIC data

and by the cE plots in particuJ-ar. rn addition both p and

the point where k' no longer equaled zero \{ere indications
of the relative surface hydrophobicity displayed by the
proteins. These points occurred at higher salt
concentrations as surface hydrophobicity decreased.

The DSC data have shown, for the retained proteins,
that there is a characteristic salt concentration for each

protein where the rate of increase in sLability declines.
This salt concentration correlates well with both the

critical point (P) and the salt concentration at which ANS

binding also increases. The results indicate that as the

rate at which intra-molecular hydrophobic interactions
(which promote stability) decreases the rate of inter-
molecular hydrophobic interactions (which cause binding)

increases. This salt concentration can be established by any

of the three techniques used in this study. rn addition to
the inportance this salt concentration has when attempting

to understand the retention mechanism it is possibre that
this concentration may act as an indicator as to how well a

protein wirl be retained by the column. As the strength of

the hydrophobic interaction between the column and the

protein decreases¡ âs in the case of lysozyme, ovalbumin,

and ribonuclease respectively, the critical salt
concentration increases. Therefore, if the critical point

occurs at a low salt concentration the protein in question
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will be strongly retained by the column. It must be

emphasized that polymeric proteins such as regumin and

aldolase did not appear to follow the same pattern and more

study is required for such proteins. Also only one column

was used in this study and further study is indicated in
this area as well.

A second feature of this study which may be useful in
assessing the retention of proteins on HIC.columns is the B

ratio discussed earlier. rt was shown that this ratio !ùas

ten times smaller, for proteins such as legumin and aldolase

which did not bind to the column, than the ratio of
proteins, such as lysozyme and ovalbumin, which did bind to
the column. rf the B ratio were to be used for this purpose

however, it would be necessary to consider the method used

to determine surface hydrophobicity in relation to the

protein structure. Ribonuclease served as an example in this
regard, giving a low B ratio in spite of being well retained

on the HIC column. As was discussed earlier, the reason for
the 1ow value of B was that ANS did not bind welr to
proteins, such as ribonuclease, which contains no

t ryptophan.
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As the initial concentration of ammonium sulfâte is
increased during Hrc two concentration.s wilr be reached

which are unique to the retained proteins. The first of
these was previously known and is the concentratÍon at which

proteins begin to be retained by the eolumn (k ' >0) . The

second point occurs when kr=1. From a chromatographic
perspective, it is at this point where the rate of change in
retention increases due to a rapid increase in the number of
hydrophobic interactions between hydrophobic sites on the

column and hydrophobic sites on the protein surface. DSC and

ANS fluoresence data indicated that this increase was due to

a decrease in the number of hydrophobic interactions between

hydrophobic sites on the protein surface. At the same

initial salt concentration that initiated this increase in
retention the elution environment (cE) reached a maximum

salt 1evel. This second point, (P) formed the focaL point of
this study.

5 CONCLUSTONS ANp RECOMMENpATIONS

L02

An anarysis of the DSc data indicated that protein
stabifity increased with increasing ammonium sulfate
concentration. After P r.¡as reached the rate of change in Td

decreased. Since the change in stability was brought about

through an increase in hydrophobic interactions among amino



acid side chains on the surface of the proteins it was

concluded that at concentratÍons beyond p there was a

growing resistence to intra-molecular interactions possibly

due to steric limitaÈions. Although some significant changes

in the enthalpy of denaturation did occur they could lot be

linked in any meaningful way to the other results that were

observed in this studv.

The proteins unretained by Hrc, aldolase and legumin,

h/ere also studied by means of DSC. Although the plots of Td

as a function of intial salt concentration did resemble

those of the other three proteins, depressions occurred in
the curve following p. rt was specuLated that these
depressions $/ere related to the polymeric nature of these

two proteins. rt was also speculated that the differences in
the ranges covered by the Td values for all five proteins
might be rerated to the relative compactness of the native
protein configuration. A large change in Td values could be

associated with a protein having a reratively loose
structure while a small change in Td may be associated with
a more compacL structure.

I-UJ

Fluoresence data using an ANS probe revealed that
surface hydrophobicity increased with increasing salt
concentration despite the above mentioned increase in
protein stability. The ANS hydrophobicity increased at a

steady rate until the salt concentration was reached which

gave rise to P, following this concentration the ANS



hydrophobicity increased more sharply in a similar manner to
column retention. The reason for the increase in the rate of
binding was due to a decrease in the competition between

intra- and inter-molecular hydrophobic interactions for the

hydrophobic sites on the protein. This held true for the

monomersi however, legumin followed a.pattern which was

closery rerated to that of the Td values. Aliphatic (cpA)

hydrophobicities followed no descernabre trends and in many

cases were unusabLe due to inconsistant results within
individual determinations.

The retention data did not correrate werl with either
molecular weight or ANS surface hydrophobicities. The ratio
(B) of hydrophobicity to molecular weight seemed to give a

better correlaÈion. This evidence would tend to support the

argument that retention depends upon not only the number of
surface hydrophobic sites but also upon the number of sites
that are accessible to the fixed column ligands and upon the
mass of the protein.
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rt is possible that two of the terms developed in this
study may be used to predict the relative retention of
proteins on Hrc columns. These are the ratio (B) and the

initial salt concentration at which the critical point (P)

occurs. High values of B and low values of p indicate that
the protein should be strongly retained on the column used

in this study. The use of both these terms for this purpose



requires further development since their apprication has

been tested with a limited number of proteins under one set
of operating cconditions.

The results reported in this study and the conclusions

which have been drawn are based on only five proteins and

one chromatographic column. only one sorvent system has been

used. As a result much more work is required to confirm the

suggestions that have been presented here. syncropac has

marketed a series of HIC silica based columns having ligands
ranging from methyl to pentyl that could be compared to the
TSK column used here. other salts such as sodium chloride
and potassium chloride could be used. Finally there is a

vast number of proteins to examine, differing not only in
hydrophobicity and molecular weight but also in their
susceptability to the effects of sal_t, temperature, and the

competing hydrophobicities of the column.
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This appendix contains the equations for the fít of the data

in this study to linear and fourth degree pollznomial 1ines.

rncluded wÍth each equation is the correlation coefficient
(r) for the fit of the data to the qiven line.

Lysozyme:

K I as a function of initial saltconcentration:

Linear: Y=-1.446 + 4.489 x

r=.9 43

Pollznomial: Y=l.84gE-02 t 1.550 X -,6.372 X2
+ 12.102 XJ 4.419 X4

r=.99 5

CE as a function of initial salt concentration:

Polynomial: Y=5.2728-03 ; 4.765 X 17.463 X2
- 16.636 Xr + 4.727 X.4

r=. 96 1

CE as a function of K':

Pollznomial: Y=.058 + .933 X .467 x2
+ .08 4 x' 5.316 Xo

r=.979

Td as a funct.ion of initial salt concentration:

Linear: Y=7.200 + 4.22 X

r=.964

APPENDIX A
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Lys ozyme:

Polynomial: Y=71 .190 + 9.140 X 6 .54 
^X2+ 4.091 XJ 1.139 X'a

r= .9 96

ANS as a function on initial_ salt concentration:

Linear: Y=- I.577 + I07.279 X

r=.7 96

Polynomial: Y=3.536 83.180 X + 351.3]8 X2
- 408.57 6 x', + 161.75 4 X+

r= .9 97

Ovalbumin:

K' as a function if initial salt concentration:

Linear: Y=-1.798 + 3.980 X

r= .87 6

Pollmomial: Y=3 .487F-02 t 7.566 X - 29.267 X2
+ 34.071 Xr 10.726 x4

r= .99 5

CE as a function of initial salt concentration:

Polynomial: Y=-4.673n-02^+ 5.361 X 20 .272 X2
+ 25 .620 x5 9.121 x,rl

r=.934

CE as a function of K r:

Pollznomial: Y=2 .5238-02-+ 3 .119 X ; 2.8ß X2
+ 0.75 g xJ 6 .191 X4

r=.9 86

Td as a function of initial salt concentration:

Linea r: Y=9I .724 + 7 .510 X

r=.989

aaFIJ.f



Ovalbumin:

Pollmomial: Y=90.576 + 7.916 X + 2.05ç x2
1.587 X', + 9.494 Xo

r= .9 96

Ribonuclease A:

K ' as a function of initial salt concentration:

Linear: Y=-I.226 + 2.349 X

r=.7 99

Pollmomial: Y= -1.0108-q3 - 0.491 X + 2.015 X2
2.558 xr + I.424 x+

r=.999 5

CE as a function of initial salt concentration:

Polynomial: Y=-3 .4248-03 - 6.277 N,+ 18.81 3 X2
-I5.295 xJ + 3.925 x4

r=.9 47

CE as a function of K':

Pollznomial: Y=.014 + 6.415 X 14.4+4 X2
+ 10.3g0 xr r.7r0 x4

r=.9 86

Td as a function of initial salt concentration:

Linea r: Y=66. 801 + 5 .77I X

r= .97 8

Pollznomial: Y=66 .0 08 + 9 .393 X 5 J Og X2
+ 5.115 xJ I.79 4 X"

r=.995
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AIdolase:

Td as a function of initial salt concentration:

Linea r: Y=63 .58 9 + 2 .359 X

r= . 915



AldoIase:

Polynomial: Y=63.204 5.¡23 X 29.181 X2
29.169 x' + 8.663 x'i

r=.995

A H as a function of initial salt concentration:

Linear: Y=13.847 0.275 X

Pollmomial: Y=-1 4.283 ã 25.I44 X + 
^69.424 

X2
63.025 x',+ 18.026 X*

r= .87 4

ANS as a function of initial salt concentration:

Linear: Y=13 7.332 + 167.565 X

r=. 834

Pollznomial: Y=76.078 + 52Ç.076 X 87S. .045 X2
+ 972.199 xJ 447 .247 X+

r=.9 9 0

Legumin:

Td as a function of initial salt concentration:

Linear: Y=94.768 + 22.066 x

r=.9 45

pollznomial: y=94.4g4 - 32.075 X + 162,5!4 x2
143.445 xr + 38.762 x+

r=.97'7

ÁH as a function of initial salt concentration:

Linear: Y=11 .932 + 11.038 x

r=.89I

Pollmomial: Y=12.I72 28.680 X + 10tr.2g7 X2
93.848 xJ + 20.835 x4

r=. 965

IL7



Legumin:

ANS as a function of initial salt concentration:

Linear: y=618.188 + 766.902 x

t=¿47I

Pollmomial: y=IB 4.66I - 6255.996 X 32097.0g X2
36449.82 xr + 11864.06 xr4

r=.922
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