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xvi

'ES OF TRANSFER FOR AMIDE-WATER-ELECTROLYTE SYSTEMS
(June, 1971)

Evelyn Reinheimer Stimson, B.A., Harpur College

| M.A., Brandeis University

. Directed by: Dr. Eugene E. Schrier
‘iimmhalpies of transfer for model amides,
1/-~‘Zl«n<:etam.1'.de, N-methylacetamide, acetamide,
N-methylformamide, N-acetylglycine-N-methylamide,
ine-N-methylaﬁide, N-acetylleucine-N-methyl-
l-acetylglycylglycine-N-methylamide, from water

- salt solution have been measured at 25° using the
solution calorimetry. Measurements were done at
‘amide concentrations over a wide range of salt con-
8, 0.1 to 7.0 molal in some cases. Salts employed
halides, alkaline earth halides, and guani-
i oride. Trends in the heats of transfer were

d in an attempt to better characterize the forces
8ible for isothermal denaturation by electrolytes.
'{Lfthn dependence of the amide transfer upon 1) the
Zation density of the solvent, 2) the length of
» 3) the configuration of the peptide, 4) the

8 on the peptide, and 5) the molecul&r symmetry

» it is postulated that dispersion forces are

Ei these systems.



xvii

a model is presented for enzyme denaturation

he model compound data and this is tested for

lysozyme.



CHAPTER I
INTRODUCTION

A. Opening Remarks

it is known that inorganic salts as well as
e hydrochloride, alcohols, organic solvents,

proteins and nucleic acids reversibly and
1-5

y in aqueous solutions, the mechanisms or

sponsible for these conformational changes are the

of uncertainty and controversy.s Nonetheless, it is

salts influence conformation and, consequently, the

' of enzymes and biological processes.

of the most important biological systems, there-

ists of salt-water-biopolymer. Proteins, nucleic

and other polyfunctional compounds exist and function,

in an environment of predominantly salt, water,

ectrolytes, such as sugars and lipids for instance.
rstanding of the phenomenon of conformational

{E:'IACromolecules in these media is basic to the
nding of biochemical systems.

Ogen bonding, hydration, hydrophobic bonding,

in water structure, electrostatic interactions, ion
and charge-transfer complexing are some of the

des of intermolecular interaction that have been

‘ed to be responsible for these changes in proteins.l's



'h as aliphatic amide-salt - water represent a
different degree of complexity from protein

Yet the intermolecular forces responsible for

fppeptide group on a protein which is changing

ent from a hydrophobic region to the surrounding

7qﬁ in the course of a conformational change.

the applicability of model compound data to

tion of processes taking place in large molecules

blished on theoretical grounds, one approach in

to predict the free energy changes and related

;lssociated with conformational changes in salt

if only in an empirical manner, has been to

: ;tMG different groups of a protein molecule can
lered to a first approximation as sets of species

3 in a thermodynamic sense.’ ® These group proper-
Obtained from small model compounds and are assumed

l& to more complex systems of interest. The results

Nted in this thesis provide enthalpy data for

ds which may be used 1) to examine the addi-

thesis considering a different thermodynamic

) to shed more light on the forces operating in

S, and 3) to predict the enthalpy of conforma-

g¢ in protein-water-salt systems.



Isothermal Denaturation of Proteins

by Electrolytes

and other proteins have a three-dimensional
» conformation which represents the biologically

ve") form in solution. This conformation is

upon pH, temperature, added electrolytes, and

turbing forces. Through such stresses the protein

2 or change conformation and become inactive.

work we will consider primarily the effect of

trolytes to an isothermal solution, at neutral pH

temperature (25°). Presumably the "native"

the state with minimum energy so that through

ion of electrolytes the protein-protein and

vent interactions are energetically altered.

» @s is well known, the stability of protein

is largely determined by weak noncovalent

are the most difficult fo treat quantitatively
calculation of protein structure for a given

‘nce.."a Consequently the structure of a

the thermodynamic parameters of denaturation

Culated a priori at present. Physico-chemical

8, and a working theoretical hypothesis to relate

to the observable properties arising from

ular forces, are still required.



Thermodynamic Quantities of Transfer

from Model Compounds

molecular forces between proteins and electro-

vasumed to be only electrostatic, they are addi-
'g; the absence of polarizatic'm.9 Since in all

es and molecular systems, the addition of one

'p causes a redistribution of charges, the addi-
f group contributions to intermolecular forces may
ealistic in all cases. Likewise, inductive effects
different molecules with conjugation or double bonds
jén electron redistribution as well. In fact, it
at stabilization through electron delocalization
ases more rapidly than expected from a linear
=.1° In these cases there results a breakdown in
ty of intermolecular forces of groups so that

Ve terms must be considered.

ever it is realistic to consider the additivity
tributions, it is assumed that each portion of
reacts independently and unperturbed by any

hed to it; i.e., minimal electron delocalization
This is equivalent to partitioning a protein

ponent groups so that

} 8 s ($3)



ts the molecular thermodynamic property

Jf enthalpy, entropy, or heat capacity) of

v water to electrolyte solution and cftr repre-

only a small group or portion of the mole-
simplified ‘I:heor'y,s.6 the individual

"‘ronp contributions may be experimentally

small model compounds that have a set of

on. It may not even be necessary that the

are homologs of the more complex molecule

ation, although homologs of comparable

definitely preferable.

and embellishment of the basic additivity

¢ many different theoretical forms to relate

y measured group enthalpies and the processes

biological systems. The hypothesis does not

of model compounds or model systems,
of the group to be considered,

one type of noncovalent bonding (e.g.,
en bonding, ion binding, etc.) can be
dered in exclusion of all others,
ent of nonlinear contributions (e.g.,

ive effects).
8 Work the model compounds are chosen on the

simplicity. Formamide is used as the model



ough measured enthalpies of transfer, the
varying the ionic radius and charge of both the

 anion and cation in model systems are expected

hrough additional hydrophobic and peptide groups,
de series are expected to indicate the forces upon
These amide-electrolyte-water solutions serve
tems for enzyme-electrolyte-water systems in
ion occurs within the concentration range of
'studied in the model systems. Thus the trans-
s derived from the model systems are expected

1T te that transfer enthalpy which results from a
rotein molecule, only peripherally exposed to the
€ solution, uncoiling and exposing all its

ts to the solvent. From this viewpoint

ation = L Shy, (2)



Experimental Methods of Determining

Enthalpies of Transfer

imetric Method

he direct calorimetric methods for measuring AHtr
capacity, differential and integral heats of
dilution--that involving the integral heat of
*iwas selected because it could achieve the

accuracy considering the equipment which was

Solution of

O q; |Amide in

2 (m)) + H,0 (55.51) —» |Water with (3)
Molality of
Amide = m,

In * 0 )

ript "w" on the integral heat of solution refers

that the amide has been dissolved in pure water.



Solution of
Hy0 (855.51) Amide and Salt

A dg in Water with
2 * * —> [Molality of (8
Amide = m
Salt (mz) Salt = m21
. (6)

'4vscript, "ws", implies that the amide has been
an aqueous salt solution.
of transfer of the amide between water and

lution is given as

.
“:om 8HZ 1 (7)

s the amide molalities are kept small to avoid

ation from short range amide-amide interactions.
nthalpy of transfer then is the enthalpy change
ig the transfer of one mole of amide from water
salt solution at amide molalities approxi-
ite dilution.

gh there has been no systematic study of the

f amides in aqueous electrolyte solution, a few

' t-lz There are more extensive data for

13-17 o

ing compounds other than amides.
® results are of varying levels of precision or

ed salt concentrations.



e Dependence of AGtr

it is possible in principle to obtain 8H,

emperature dependence of AG  , it is difficult
high precision over a sufficiently broad tempera-
Tmo that the derivative is meaningful. Further-
s available methods for determining 4G, =-such
lity, distribution, vapor-pressure, and electro-
93;1 pose other inherent difficulties and limita-
concentration range is severely limited in the
g inthod, solubility and solvent effects are a
distributions and the vapor pressure of the

y cause problems in isopiestic determinations. Of
S, the electrochemical method is often con-

© be better for measuring small differences; even
i¢ large differences in the nonelectrolyte concen-
ust be utilized in order to obtain measureable

ms with small transfer energies, the lower

the mean nonelectrolyte concentration is limited.
W of these restrictions, the distribution,s iso-
~ and electrochemicall9 methods have been applied
few compounds analogous to amides to obtain 4G,

mperature dependence of AGtr has not been studied.

.



10

E. Estimates of Interactions from

Spectroscopic Measurements

)ssible method of investigating the nature of
forces and of determining thermodynamic
the spectroscopic method.20-21
al method has been applied successfully, for
the ultraviolet region for the determination of

22=2% However, extension of

les of denaturation.
0 tyrosine as a model compound did not detect a
yftion of the position of absorption of the

p.zs Since most concentrated salt solutions
arent in the far ultraviolet, the considera-
model compounds is not practical.

r example where this method has been used is that
IS phase study of intermolecular forces. For
pressure-induced absorption shifts of the

2s in tﬁe vibrational-rotational bands of

addition of other gases have been shown to indi-

th long-range and short-range attractions are

is.zs But as the intermolecular distances
frequency of collision increases so that
general do not show rotational fine structure.
5%: the observed alterations of the broad vibra-

‘lrﬂ resultants of electrostatic interactions
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.

attributed to any one or a combination of the

1) a shift or broadening when free rotation of
oscillating dipole is restricted, 2) a new
ecies resulting from a strong attractive inter-
changed transition probabilities or energies
¢ or other perturbations.

tely, even though band position, shape, and
oretically reflect all intermolecular inter-
rately in solution, the quantitative interpre-
e vibrational-rotational bands is difficult.
McCabe and Fisher27 treat binary solutions
ared difference spectral methods but do not
dy to three components.

heless, because spectra obtained in both the near
ed have been used in studies of hydrogen

d other secondary interactions, and in view of
importance of these interactions in poly-
mational stability, we decided to try an

y study in the practical near infrared spectro-
N as an alternative means of estimating an order
for the transfer energy.

P to apply this method, we will first make the

Plifying assumptions for an ideal amide-salt-
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les, is analogous to a condensed gas.

d state amide and ground state water mole-

lons at a given temperature.
reference states chosen will be that of the

Vﬂ amide molecule in pure formamide solution
iven temperature, and likewise for the water
les, without regard to species present.
one other amide electronic state is involved.
brational sum rule holds so that the intensity
ortional to the number of molecules for
ional and thermal excitation.
. the measured density and concentration in a
e experimental absorbances of the pure
utions, it is possible to calculate an ideal
* @ mixture which can be compared to the
value. Any salt concentration or temperature
1 shift or intensity change will qualitatively
to some molecular interactions of otherwise
rigin. In brief, this is analogous to deter-
CeSs property and could lead in the most favor-
an estimate of AH_ .
description of the details involved will

®d until the discussion of the results.
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F. Aims of Research

as initiated to systematically determine enthal-
nsfer for some model amides in order 1) to seek

, which might give insight into the nature of the
p forces involved in the interactions occurring
solutions, 2) to use this information for
anding polyfunctional macromolecules such as

nd 3) to explore other possible ways of deter-

e energies for comparison.
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CHAPTER 1II
EXPERIMENTAL METHODS

paterials, instruments, and experimental tech-

sd in this work are described briefly in this

A. Chemicals and Materials

2, Scintillation Grade obtained from Nuclear
s, or Reagent Grade obtained from Eastman Kodak
ctionally recrystallized twice under dry nitro-
method outlined by Lagowski.29 The material so
. chromatographically pure (>99.9%) when tested
GC-4 Flame Ionization Gas Chromatograph
different columns (Ten percent Carbowax-20 M

D W, 25% SE-30 on Chromosorb P and 10% Versamid
D W). This material had a melting point of
2cted) and was stored under Linde 4A molecular
laintain dryness. Karl Fisher titrations

than 0.05% water.

1formamide (NMF), purchased from Eastman Kodak
m distilled at approximately 51° and 1 mm

Phosphorus pentoxide. It was dried over
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ee from decomposition products, other amides,

methylformamide (DMF), from Burdick & Jackson
ries, was vacuum distilled from that which had been
sy reagent grade potassium hydroxide pellets. The
paphically pure amide was stored over molecular

t was not assayed for water content since only a
re reported31 for material treated similarly.

de purchased from Eastman Kodak Co. was dis-

ln hot anhydrous methanol, filtered, diluted and

lized with anhydrous diethylether.29 The crystals

for several weeks until all traces of solvents
removed .

lethylacetamide (NMA) received from Eastman Kodak
ified by fractional freezing and the crystalline
'tored over 9205, in vacuo, to maintain dryness.
methylacetamide (DMA), distilled in glass and
der nitrogen by Burdick & Jackson Laboratories,
omatographically pure when received (>99.99%) and
thout further purification. Dryness again was
Ned with molecular sieves.

1glycine-N-methylamide, purchased from Cyclo
1c TP., was recrystallized twice from hot methyl

Solutions, filtered, ground to a fine powder and
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several weeks in a vacuum desiccator over P20S
aces of methyl acetate and water were removed.
ted at 159.5° (uncorrected) under an atmos-
gen.

lycylglycine-N-methylamide, custom synthesized

Co., was dried and used without further

alanine-N-methylamide and N-acetyl-leucine-N-
e were purchased from Fox Chemical Co., dried in

at least 24 hr and used without further purifi-

propionamide (NMP) obtained from Eastman Kodak
fied by vacuum distillation. The constant

. third fraction was collected under nitrogen
er molecular sieves. The product purity
determined chromatographically.

2 Lysozyme from Sigma Chemical Co., was Grade
rystallized, dialyzed and lyophilized. The

was determined by heating a weighed sample in

100° until a constant weight was obtained

& routinely dried as needed but otherwise

ally without further purification. Although



17

e made in calculations of concentrations, it

perimentally that certain impurities could not
d and these batches of salts were eliminated or
] as necessary. In Table 1 are listed the
es, and assays reported on the label or

dard methods.

er Chemical Co. was routinely used for washing
cell. The former product was dry (~0.02%)

e latter product had a variable water content.

en gas was obtained from different sources but

of the highest purity and dryness.

sieves of Types 3A and 4A were obtained from
ic Co. and were a product of Linde Air

These were regenerated as necessary by heating
€ at approximately 400° for 2% hr or longer.
thylhydroxy)aminomethane, abbreviated Tris or
ased from Sigma Chemical Co. and used as

ept for drying.

Centrated and diluted hydrochloric acid used

yZed Reagent Grade.
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. Table 1

- Electrolyte Sources and Assays

Source Assay

J. T. Baker Chemical Co. 99.8%
K &€ K Laboratories 95
Fisher Scientific Co. 99.9

J. T. Baker Chemical Co. 97.4
Recrystallized from water

Fisher Scientific Co. 99
J. T. Baker Chemical Co. 99.9
K &€ K Laboratories >99.8

J. T. Baker Chemical Co. 99.9

" 99.9, 100.0
" 99.9, 100.3
" 100.0, 101.0
" 99.9, 100.0
» 99.6, 99.7, 99.9
¥ >99.9, Iodine free
L 100.0
» 100.5
Fisher Scientific Co. 99.8
K & K Laboratories 95
Eastman Kodak Co. -—
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o0l was kindly supplied by Floyd Wilcox who had

by distillation. The 97-97.5° midportion was

matographically (>99.9%) and stored over molecu-
,ess than 0.02% water content was maintained

the experiments.

although distilled, was neither degassed nor

free. Originally an attempt was made to use

2ions but variable amounts of air were beat

the solution by the stirrer. Since operation of

with degassed solutions indicated a major

f both apparatus and procedure,32 this precaution
because air did not significantly affect the

ransfer enthalpies. However, the pH of the salt

tric Method

eral description of the calorimeter. All heats

ed to calculate the heats of transfer were

8 a commercially available instrument--the LKB
Precision Calorimeter.>> This calorimetric
of the basic designs developed by Sunner and
model is one of the shielded isothermal

le for heats of solution in which the
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dissolve rapidly in a narrow temperature range
nty and forty degrees at atmospheric pressure.
nstrument consisted of three major components:
: rmostated bath, with a proportional heater
e controller (LKB #7600), and an external

- (A Laude Model R-2 Bath was used in this

:‘T: calorimeter assembly (LKB #8721-1), including
y activated ampoule breaker (LKB #8722) and
ver (LKB #8723); and
he electronic console with power supply (LKB
ometer (Hewlitt Packard #419A), D.C. poten-
#8704), Wheatstone bridge (LKB #8703), elec-
er (LKB #8705), standard reference cells
+» Ltd.) and recorder (a Beckman 10" Linear-
der, Model #100502).
mbled thin walled glass reaction vessel (100
d a temperature sensing thermistor (2K), an
- heater (50Q) for calibration, a combination
ampoule sample holder, and an embedded sapphire

€ Dottom for heat-free punctures. The reaction
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stion was initiated by the mechanical crushing
ed ampoule (= 1 ml) on the sapphire tip and
rated or absorbed was followed as a resistance
hermistor in the reaction vessel.
led physical description of the instrument, the
speéifications and the company's recommended
ocedure can be found in their manual.33
_preparation. The most demanding step in
imetric procedure was that of preparing the
this step which determined the accuracy as
precision of the results. The difficulties
sealing a sufficiently accurate weight of
d under an inert atmosphere of gas could
1) the hygroscopic nature of the amides
tion in quality, cleanliness, size, and
1eSS of the ampoules supplied by the manufacturer.
€m was largely circumvented by working in a
with dry prepurified nitrogen. The second
ted a less consistent error; an error for
fficult to make corrections. The fact that
‘ampoules (especially those with =1 mm stems)
Pimetrically" clean inside was often visually
;5? Other cases, was detected by the weight

Fed from the difference in weight of an empty

Sealing with the miniature oxygen torch and
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Tests of this nature determined that the

y reliable to the nearest 0.1 mg.

sh it was desirable to approximate infinite

ly as possible, it was often necessary to
nd use larger sample weights in order to reduce
error in the weight and in the resulting

s, even though the detection of small heats
iable as large ones, the sample weights

is work were in the 0.G5 to 1.0 gram range,
ors of =0.1% or less to the final heats of
ger sample sizes were avoided not only because
dilution approximation was violated, but also
ons for heat losses were considerable.

es and modifications. Since the LKB
edure, as outlined in their manual,33 was not
t of the experiments reported here, a brief
alternative operational procedure followed
the following discussion. This alternative
d from adiabatic calorimetry experience,3u
after it had proven to be more sensitive than
€ and to give identical results--both in

accuracy--for the particular problems of

;1{pr°per (proper is here equivalent to no

5fing generated) adjustment of the ampoule in
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lder, the 100 ml reaction vessel was weighed on

ical Balance, and reweighed with 100 ml of

'i-ed into the vessel from a 100-ml volumetric

e reaction vessel was then coupled tightly

and the thermistor and heater leads con-

can cover; the components were then assembled.

(always 150 mm) was drawn on the can in

tard conductional heat losses to the bath and to
cts from a variable bath temperature. (The

in the mixing and equilibration of the bath

ted by a simple ice cube test. An ice cube

0 the bath and the length of the time neces-

€ bath to register this imbalance was determined.

required to re-equilibrate the system within the

y specification throughout the bath were also

In laboratories used with poor air-conditioning

£ or cold drafts of air upon the outside created

ations in the bath temperature.) A bath tempera-

S used throughout the series of experiments.

'®r motor was always set on the "high" (600 rpm

ed) position but the cable was modified to a free

after excessive and variable heating effects

to occur from variable turning rates

ional constraints at the terminal couplings.

all compounds investigated and reported here



.;q‘less than one minute under these conditions.
ations and heat loss corrections were rela-
(<1%).

room temperature was maintained as closely
jossible, experiments performed under ambient
es ranging from 19° to 29° gave the same heats
The primary difference in runs at these

nt temperatures was the longer pre-equilibra-
5 necessary to bring the sample to the desired
Final adjustments to bring the samples to
of 25.00° were usually made manually.

e temperature inside the cell was stable at
approximately ten minutes, the recorder was
H?gmd'the galvanometer sensitivity turned up.
ng of the calorimeter with the recorder was
ner such that a full ten inch chart deflec-
ly set equivalent to a 0.1 or 0.2 Q shift
used in some trial experiments) with the re-
t on the 1 mv range. In this way a 0.002 cal

(5 x 10”5 change in temperature), such as

’L vaporization of water into a 1 ml ampoule
'ﬁ‘ﬂitrogen, was observable. A recorder chart
inches per minute was used. The heat of

* ampoule was small (<0.1%) relative to the

d and was cancelled out to a large extent in
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bridge and the final bridge setting was recorded
libration. After the base line was reestab-
reaking of the ampoule was initiated manually.
as again adjusted to bring the recorder trace on
e after-break base line. Extrapolation of these
hrough the mixing period was made and the half
value was used to correct the resistance

m the bridge.

ib ation adjust was made in every experiment
heat capacity calibration. Furthermore, the
i“ellibration was run for all samples. Only
ases where the heater lead was making inter-

was the heat capacity of the solution used

' duplicate sample in order to salvage the data.
€rences in the calorimeter conditions necessi-
‘epetition. For experiments reported here, the

= Was always 80 * 0.0003 sec, and either

W power was used. The recording technique

’@eat capacity determinations was the same as
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e heat of solution determinations except that the

heat losses necessitated use of a 0.63 "half-

meter thermistor was calibrated against a NBS
latinum resistance thermometer (Leeds & Northrup
junction with a Mueller bridge (Rubicon Co.

tting the thermistor-temperature data to the

ents (24-26°). These constants were used to
d resistance changes into temperature dif-

the constants derived from the thermistor

tests. Three calibration and test
used initially to test the calorimeter, its
d techniques. These were:
methylhydroxy)aminomethane titrated with 0.1 M
8olution in water, and

methylformamide) solution in water.
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ults of these tests and the literature values
}fTable 2. Considering the lack of "real" test
)r solution calorimetry as well as the concen-
dencies observed,36 the agreement was con-

)e satisfactory.

aratus and procedure. Because of the lack of

blank, all samples were run using dry air at
re in the reference compartment of a Cary 14
-ometer. All sample solutions were run with the
1 (which, when cleaned thoroughly and rou-
red no corrections in the 6000 to 20000 K
er the same instrumental conditions (i.e., scan
't speed, slit, slidewire, and damping condi-
ﬁ,@eaks were considered relative to the trans-
as a precautionary measure since there were

N the lamp characteristics changed during the
1€ 8lit width was controlled between 0.15 and 0.2.

ation of solutions. Due to the relatively

ture effects, as well as the greater accuracy

 Weights, all solutions were prepared by weight.
T these solutions were measured as a function of
ing a Christian Becker Density 