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Influence of Pressure on the Reversibic Caiolding of Ribonuclease

and Poly-y-benzyl-L-glutamate!

by S. J. Gill and Roebert L. Glogovsky

Department of Chemistey, Universily of Colovado, Boulder, Colovado  (Received Seplember (28, 1964)

| The elfeet of pressure on the thermal transitions of ribonuelease agueous solution al pH
| 2.80 and of poly-y-benzyl-t-glutamate (PBG) in dichloroacetic acid and 1,2-dichloroethane
has been investigated to FIOG atni, by optieal rotation measurements.  An inerease in
pressure enhances unfolding for both ribonuclease and PBG. The pressure dependence
on the extent of unfolding can he used (o caleulate the volume change for assumed basic
steps ol the transition process.  For ribonuciease the volume change as caleulated for a
single-step reaction mechanisim wias found to be sufiiciently smaller than that given by di-
reet determinations of THoleomb and Van Tolde, so that the reaction mechanism must con-
sist. of more than one reaction step. o S tamsition an applieation of the helix-
coil transition theory of Zin, Doty ane coth the measured pressure dependenee
upon the extent of transition, showed that the volinie change of the process is al the experi-
mental Timit of direet. determinations.  The shift in the transition femperature with
pressure for PBG was used (o estimate a heat capacity change at constant, pressure of ap-
proximately 140 cal./mole-deg. for the helix (o random coil transition.

Introduction

Thermally induced  transitions of  macromolecular
structures have been found for a variety ol polymer
materials.®  The transitions  of  ribonu-
clease®* =% and synthetie polypeptides’™ ™ have been the
subjeets of experimental and theoretical investigation,
One of the primary purposes of such studies has been
to gain insight into the mechanism of the transition
process. In the case of ribonuelease, the strategy has
been to interpret the extent of reaction as a function
of temperature by assumned simple reaction mechanisins,

reversible

The heat of the assumed reaction may then be found
[rom the dependence of the extent of reaction upon
transition.'  Until reeently,'* direet calorimetric meas-
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wrements for the process were anavailable Tor conpar-
tive purposes.  In analogous reasoning the teniperi-
ture dependence on polypeptide helix coil transition
has heen used to test helix cotl (ransition Cheopries
and Trom sueh stadies at vawdous ehain Teneths (heo-
retical parawmceters for the PBG transition have been
established,  Recently, direet  calorimetrie measure-
ments have provided an even more direet evaluation
of the theoretical parameters, =16

Analogous information should also be revealed from
studies of the effect of pressure on the transition along
with a determination ol the volume change ol (he
transition.  There may be situations where Chis Tatter
approach is experinientally more feasible than the de-
termination of thermal transitions along with ealori-
nietrie measurchients. I this paper we report resulis
obtained for two known reversible transitions, riho-
nuelease and PBCL.

Experimental

The ribonuclease A used was Lot AT GOGY, Tyo-
philized and phosphate-free, and was obtained from
Worthington  Biochemical Corp.,  Frechold, N. .
The material was used without Turther purilication,
and caleulations were based on the weight of the vae-
uum-desiceated material,

The buffer solutions used were 0.01 47 in potassiun
acid phthalate and 0.15 A7 in KCL The solution con-
forms {o that used by Holecomb and Van lolde.®
In preparation of the ribonuclease solution, the bulier
solution was pipetted into a weighed flask containing
the ribonuclease; the flask was then tightly stoppered.
The plI of the solution was adjusted 1o 2.80 using
Beckman Zeromatic pll meter.  The solution was re-
frigerated until used.  "The high pressure optical roii-
tion apparatus has been previously deseribed. 7

The PBG used was Lot G531, Tt was oblained o
Pilot. Chemicals Ine., Walertown, Mass,, and wis
specified to have a molecular weight of 275,000, The
material was used withoul. further purification, and
caleulations were based on the weight of the desicentod
madterial.

The solvent for the PBG was 76 vol. % Tastnun
practical dichloroacetic acid (DCA) and 24 vol. ¢
Fastman  rveagent  1,2-dichloroethane (15D, Boih
components of the solvent were redistilled prior to use.
The solvent mixture was tightly capped and rofrizer-
ated until needed.

Theory
The basic reaction provess o cacse palymer tran-

sitions can be written in terms of Lhe extreine condi-
tions as
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folded =57 unfolded (1)

where, i the process involves more than one step,
there will he acseries ol intermedinte states and equa-
fions within e, 1.

L the ease of o complex moleeule suel as ribonn-
clease, it is not possible to prediet logically the nature
ol intermediate steps, il any. [t becomes convenient
cither to assume a single-step reaction process of eq.
Ioor, as Tanford has done,™ (o suppose that reaction
I consists ol equivalent and independent steps.
This Tatter situation reduees to the one=step ease when
o= 1. The appropriate result which expresses the
pressure dependence upon the fraction of folding f
is then given by

of | — fave
<) = nay )

ol/: a rRT

where A7 ds the standard state volume change per
mole of polymer taken under the conditions of infinite
dilution, at temperature 7" and pressure 2. A dilato-
metrie determination of the volume change of transi-
tion, even at linite concentrations, should be nearly
cquivalent to A1 With the assumptions contained
in eq. 20t should then be possible to determine AV®/r
from pressure measurements, and, when this value is
compared (o a dilatometvie determination of AV®,
an estimate of » can be made.  If a multiple-step mech-
anism s indicated from the experimental flindings,
it is quite probable that cooperative effeets exist be-
tween different portions of the molecule. The assump-
tion ol independent steps then becomes invalid. A
sinple mechanism of successive steps which must follow
i definite order and which are characterized by ihe
sae equilibrivm constants can be analyzed, but it
scems the presentation of such an analysis would be
stuperficial until some more definite facts about the
ribonuelease transition are available.
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In the case of PBG the helix coil (ransition theory
deseribes the appropriste nicehanisi for the Gransition
proeess.  For our purposes it is sullicient to extend
the results of Applequist,* who miade use of the model
of Zinm and Bragg"™ for long ehains, to deseribe e
pressure dependence on the fraction [ of hydrogen-
bonded carbonyls at the midpoint of the transition

(O./'> _ g A s
1 (P | 1 L )

where AV, s the standard state volinne inercase upan
disruption of 1 mole of hydrogen-honded  earhony |
groups, 7', is the temperature at the center ol the
transition, and o is the parameter which vepresents e
equilibrivm for the formation of an interruption v«
sequence of bouds by o process which miaintains o con-
stant nuniber of houds.  An equation analogous (o
e B s given by Applequist for the temperature do-

pendenee as
<o,/' > Al "
O'/' Pof=Vs N "Il”/‘,:"\/lr .

where we define A, as the standard state enthalpy
of transition for distuption of 1 mole of hydrogen-
bonded carbonyl groups.  For internal consisteney
the A termis in eq. 3 and 4 have been defined aecording
to the reaction expressed by eq. 1. Applequist uses
the reverse equation and deseribes the enthalpy for
the veaction of formation of hydrogen bonds.  The
two equations may he combined to yield an equation
whiel" has the familiar forn of the Clapeyron equation

<ol)> - AIIIMO -
dT/); ~ TAV.° ()

Pquation & actually applies for any constant helieal
content fraction f,butif f = "/ythen T = 7',
Results and Discussion

Sone preliminary attempts were made to induee {he
entire transitions of vibonuclease and PBG isothermally
by application of pressure, but the entire transition
could not be covered for either case within our range of
pressuresto 1500 atm. Consequently, reversible thernil
transitions were examined at various fixed pressures,
We shall deseribe the results as they apply 1o cach
material in the next two sections.  In the followine
results it is helpful to remember that an inerease in
temperature  promotes  unfolding  for  ribonuelease
but folding for PBG.

Ribonuclease A. A 5491 wt—vol. 9, solution of
ribonuclease A was studied at 589 mu.  Studies on
less concentrated solutions of ribonuclease yielded
similar results but, with less precision.

Reversible thermal  transitions were observed  al
atospherie pressure, 680, 1020, and 1360 atm.  Tran-
sition femperatures (where = 4 were found to he
6.0, LA, B85, and 40.77 Tor the above pressures,
l'(‘.\',:('t‘li\‘(‘l_\'.

The effect of pressure on the thermal denaturations
is seen in Figure 1 owhieh illustrates the change in ob-
served rotation with temperatures al various pressures,
The filled symbols vepresent values obtained for de-
creasing temperatuwres and substantinte the reversibility
of the transition. Al dow (empertures o significant
inevease in the optical rotation was found with ineroase
of pressures This effeet s possibly due 1o solvent
ellects. The effeet of pressure on the unfolded form
from 1 to 681 atim, may he due (o small apparatus
changes or to denaturation.  These latter (wo eTocts
are insignilicant il relative propertios are oxamined ns
we shall do in studying the fraction of denaturation
as a funetion of temperature and pressure. Figure 2
shows the ellcet of tempernture on undenatured frae-
tion al varions pressures. The undenatured fraetion,
Sy s assimed 1o be determined by the fractional change
of the oplical rotation upon temperature,

The results of the effeet of pressure on (he unde-
natured fraction al various (emperatures are shown in
Figure 3. The slopes at the center of (he transition,
(Of/0L) p vy, have values of —3.5 X 10 * and —3.0
X0 Yatme for 42,5 and 45.0°, respeetively.  On (he
hasis of an independent r-step denaturation mechanisim,
eq. 2 yields values of =36 and =31 mil./mole for 42.5
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Migure 1. Bffect of temperature on observed rotation af
NG mg and varions pressures for a0 5,491 wi.—vol. O
pHE2.80 bhuffer solution of ribonuelense A.
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Figure 2. Ifleet of temperature on undenatured freion ()
at various pressures for ribonuclease A. ’
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Figure 3. Lffect of pressure on undenatured fraction (f)
at varions temperatures for ribonuelease A.

and 45.0°, respectively, for AV®/r. Tt is also known
from direct. measurements that the folded configura-
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tion (low=temperature form) has greater volume than
the unlolded configuration.®  The observation (Figare
2) that the amount of folded form deercases with in-
ereasing pressure is in agreement with this finding,

The volume changes caleulated from the pressure
measurements are much lower than those observed by
Holeomh and Van Tolde,* who Tound a value of —240
mlmole at 45.0% by density measurements using
twin dilatometers. This  imnediately  suggests  a
mndtiple-step process.  However, before drawing any
mere definite conclusions, the possible errors in the
vidlues of these two volumie changes should be noted.

Although the dilatometrie method yields exeellent.
results, o linear extrapolation of the slopes for the high-
and fow-temiperature determinations must necessarily
be niade (o evaluate the volune change oceurring for
the denaturation  process.  The  determination  of
the slopes and  the necessary  extrapolations  could
allfeet the evaluation of the volumie change by as much
as 35000 A similar order of magnitude of error may
also exist in the value derived from the pressure
measurements sinee the effeet was so small.

Thus, we shall take for the dilatomietriec volhume
change —240 £ 100 ml./mole, and for the pressure-
caleulated value, =30 %= 10 ml./mole.  The ratio of
these volume changes yields a value for », the number
ol independent steps of the mechanism, of somewhere
between 3 and 17, The range of values is rather un-
satisfactory, but, on the basis of independent equal
reaction steps, the number of regions with which the
folding to unfolding process oceurs is between 3 and
17. Tanford™ has analyzed data which indicate
that three regions seem o unfold independently.
Scotl and Scheraga have interpreted optical density
changes by a two-step mechanisi, [t seems highly
probable that cooperntive effects would be present in
this transition, and the safest conclusion is on whieh
states that more than one reaction step i= 1

Poly-vy-benzyl-i~glutamale.  Reversible thermal (ran-
sitions as observed for a 4.33 wt. 9%, solution of PBG
al 1, 681, and 1021 atm. are shown in Figure 4 which
illustrates the change of observed rotation for the
thermiel fransition at various pressures.  Figure 5
shov s o efleet of temperature on the fraction of fold-
ing at the three pressures.  The fraction, f, is assumed
to be determined by fractional change of (he Yieal
rotation upon fransition. Open and (il
on Ifigure 4 represent data obtained for increasing
and decreasing temperatures, respectively, and il-
lustrate the reversibility of the transition.

Dilatometric measurement was attempted to eval-
uate the volume change accompanying the transition,
but it was found that the change was too small to bhe
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Iigure 4. Effect of temperature on observed rotadion al oHib B : i iy i
A8 mp and various pressures for a 4350 wi. “0 solution 0 10 20 30 40 50
of PBG in a 76:24 vol. ¢/ solvent of DCA and DU, TEMPERATURE °C.
respeetively. Figure S, Bileet of temperature on helieal fraction (f)
of PBO st varions pressures.
! adequately  determiined  without resorting to special
methods. Fahic 1
The effeet of pressure on fraction [ noted in Figie TR
. : y - i I'eansition (Of /o) f=1/a AllL,® #2089,
5 yields an average value of —4.6 X 10 4/atin. lor Temp, O, Proxs., atin, X 102 eal, /mole
(Of/OP) y p sy with T approximately 296°IK. Using o i RS
‘ Zinum and Bragg's value for ¢ (2 X 1074, the Al 200 (80 SO0
is found to be —0.6 il /mole of monomer or —0.00:3 254 1020 G — (3000
ml. /g, which substantiates the diflieulty encountered
in the attempt of the diveet determination. 1t shoulkd
he noted that AV, is negative which means thad (e ture was found to inerease by the effeet of increasing

[olded configuration has a slightly Targer partial molar
volume than does the unfolded form.

If Zimm's value ol o is used with the experimental
evaluantion of (Qf/0T) p.seisy al the center ol the
transition, then AZ7,,° may be ealeulated for the three
pressure determinations using eq. 4. Table [ sum-
morizes the results.  Values of A/M,.° are seen (o in-
erease with inereasing pressure and {ransition tem-
pereture.  Since AV,,° is very small, we shall assume
the ariation of Alf,,° is governed by the change in
temperature and AC,.  This yields a value of approxi-
mately 140 cal./mole-deg.  This finding might  be
explained by noting that the helical configuration has
less degrees of freedom than the coiled form.

As may be noted in Table I, the transition tempera-

pressure and yields a value of 5.6 X 104 deg. /adim.
for (07'/0P), 1. By eq. 5 the positive sign of this
result shows that both A7, and AV, must have the
swme sign. - Sinee AV, has been shown to be negative,
Al1,7 must also be negative.  This is in agreement,
with the known negative value of AZ7,,° . 1516

Although it has been possible to determine the effeet
of pressure on the helix—coil transition of PBG and
thereby  caleulate an expeeted change of AV,.°, the
smallness of (he ealeulated AV,,° makes a direet de-
termination highly unfavorable. It therefore appears
that a direet evaluation of the e-paranmieter for this
{ransition will have to depend upon the direet measure-
ment of the enthalpy change in conjunction with the
effect of temperature on the transition, %16
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