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ABSTRACT

In structural determinations of inanimate materials, thermal analysis has long
proven to be a powerful technique, particularly when coupled with X-ray diffraction
or spectroscopic methods. In molecular biology, thermal analysis, frequently com-
bined with other techniques, similarly shows itself to be a powerful tool. Its im-
portance is not limited solely to understanding biological structures but extends to
understanding physiological processes as well.

This paper describes the application to molecular biology of differential
scanning calorimetry (DSC) and the complementary technique of differential
scanning dilatometry (DSD). The modification and operation of two commercial
differential scanning calorimeters for use in molecular biology is discussed, as well
as the design and operation of a novel differential scanning dilatometer together with
its auxiliary techniques. Some examples are given of the uses of these methods in
understanding the structure, thermodynamic state, and physiological functions of
biological membranes.

A further illustration of the type of approach taken in applying thermal
analysis to molecular biology is provided by a description of an ongoing study. This
study uses DSC and ‘DSD in correlation with the temperature dependence of ultra-
violet circular dichroism (CD) to elucidate the structures of human hizh density
(HDL) aad low density (LDL) serum lipoproteins.

INTRODUCTION

Without doubt, the single most important contribution of thermal analysis to
molecular biology has been to establish the lipid bilayer as the fundamental structure
of biological membranes. As early as 1899, studies on the permeability of cell surfaces
to lipid-soluble substances suggested that these membranes have a predominately lipid
nature!. In 1925, studies using the newly developed Langmuir trough led to the
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hypothesis that biological membranes were bilayers of lipid molecules®. In the
following years, the basic model of biological membranes as lipid bilayers with
associated protein was developed>. This model was supported by studies using X-ray
diffraction* and electron microscopy®. In the middle 1960’s, researchers influenced
by the developments and successes of protein chemistry questioned the bilayer
concept of biomembranes$®. It was suggested that biological membranes were
composed of various types of protein subunits with more or less tightly associated
lipid as opposed to a continuous lipid bilayer with associated protein. At this point,
the development of the techniques of DTA and DSC and their application to lipid
bilayer systems set the stage for a conclusive demonstration of the correctness of the
bilayer concept.

THE THERMAL BEHAVIOR OF LIPID BILAYERS IN EXCESS WATER

In order to understand the thermal behavior of biological membranes, it is
necessary to consider the behavior of membrane polar lipids in water. To a first
approximation these lipids all have the same structure: two long-chain hydrocarbons
bonded in some manner to a polar moiety. When suspended in water they associate
1o produce a variety of supramolecular systems whose conformations depend upon
past history, temperature, concentration, and the nature of the lipid molecules
themselves!®. At physiological temperatures and excess water (i.e., more added water
does not alter the state of lipid) the preferred conformation is the bilayer for naturally-
occurring mixtures and evea for pure phospholipids. These bilayers exist as liquid-
crystalline particles formed from many concentric bilayer sheets (lamellae) with each
sheet separated from its neighboring sheet by a layer of interstitial water!!. The
particles do not coalesce when in contact with one another, and, like other liquid
crystalline systems, are birefringent.

The property of lipid bilayers which is particularly ameaable to thermal
analysis is a reversible, thermally-induced transition from an ordered crystalline-like
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Fig. 1. The order/disorder trapsition in 2 phospholipid with upiform fatty acid chains.



state at low temperatures to a disordered fluid state at higher temperatures (Fig. I).
It is not accompanied by a rearrangement of the bilayer to a different liquid-crystalline
system. It is, instead, a melting of the bilayers themselves, with tiie lamellar con-
formation conserved throughout the process. On a molecular level it consists of a
change in the lipid hydrocarbon chains from a largely all-trans conformation to a more
disordered state, accompanied by a lateral expansion and decrease in the thickness
of the bilayer!Z.

The melting temperatures are dependent upon the nature of the polar hydro-
philic portion of the lipid molecules and especially upon the nature of the hydrocarbon
chains (Fig. 2). Introduction of double bonds, for example, drastically reduces the
transition temperature just as it does in fatty acids and pure hydrocarbons® 3. Since
the lipid molecules within the bilayer are free to diffuse laterally above the transition
temperature, systems containing mixed lipids with different melting points produce
broad transitions in which fractional crystallization can occur in the plane of the
bilayer?*. ’
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Fig- 2. DSC scans of phospholipids in excess water, showing (a) dipalmitoyl phosphatidylethanola-
mine; (b) dimyristoy! lecithin; (¢} dipalmitoyi lecithin; (d) egg lecithin. Ethylene glycol was added to
(d) as an antifreeze. The smaller, Jower temperature “premelts”™ in (b) and () are a characteristic
only of lecithins.

DSC AND THERMOTROPIC TRANSITIONS IN BIOMEMBRANES

Figure 3 shows a DSC study performed on Acholeplasma laidlawii. This
microorganism, particularly well suited for membrane studies, was the first cell whose
membrane was shown to undergo the lipid order/disorder transition’>. The thermal
events occurring’ in the A. laidlawii membrane are common to the membranes of
many other organisms. Two endotherms occur when scanning up in temperature.
The lower-temperature endotherm is nearly the same in living organisms, membrane
preparations, and aqueous dispersions of extracted membrane lipids. It is reversible,
and as judged by calorimetry, is almost unaffected by thermal protein denaturation,
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enzymatic digestion of the membranes, or evea by the absence of protein!é-13, By
snalogy with synthetic phospholipids it was su 16 that the transition is
essentialy the same as the order/disordsr traasition seen in phospholipids in water
and as such constituted direct evidence of the presence of a bilayer. This inter-
‘pretation was later confirmed by X-ray diffraction'®. By comparison of heats of
transition of membranes with their extracted lipids, it was further suggested that
90+ 10% of the membrane lipids exist in the bifayer conformation?S. This estimate
was also later verified by other techniques!®-2°, This demonstration of 2 phenomenon
involving the cooperative behavior of a majority of the membrane lipids melting as a
bilayer climinated membrare models based on protein subunits with associated lipids.
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Fig. 3. DSC scans of A. laidigwii. (8} Whole cells; () membranes before protein heat denaturation;
() membranes afics protein heat denatoration; (d) extracted membrane lLipids. All samples were
taken from the same cufture of cells grown in tryptose medium at 37°C, and run in 2 modified
Perkin-Elmer DSC-18B.

The high temperature endotherm observed in Fig. 3 is irreversible and arises
from protein denaturation. Its position is invariant with fatty acid composition, even
though the position of the reversible lipid endotherm can be varied by as much as
70°C (from —20 to 4 50°C) oy causing A. laidlawii to incorporate different fatty
acids into its membrane lipids. The assignment of the second peak to iireversible
protcin denaturation was made by circular dichroism?*.

Although the iitial importance of thermotropic transitions occurring in
biological membranes was the insight ihey gave into the structure of the membrane
matrix, more recent research has emphasized their physiological implicadons and has
explored their use as a2 means of uaderstanding lipid—protein associations?2. Figure 4
shows some representative DSC scans of various biological membranes. Such transi-
tions occur over broad temperature ranges, starting and cnding gradually. Although
spectroscopic and X-ray diffraction techniques are very valuable in understanding the
molecular events which occuor during such transitions, their overall course is probably
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Fig. 4. DSC scans of biomembrane transitions, all obtained with 50% ethylene giycol as an anti-
ireeze. (A) Acholepiasma Iloidlawii membranes from ceils grown in tryptose medium at 37°C;
(B) Micrococcus lysodeikticus membranes from cells grown in brain-heart-infusion at 37°C; (C)
Escherichia coli K12 W945 whole cells grown in minimal salts with glucose at 20°C; (D) same celis
as in (C), but scanned after thermal protein denaturation; (E) rat liver microsomes; (F) rat liver

mitochondria. In all cases a lower-temperature reversible lipid transition is followed by a higher,

temneratnre irrevercible nrotein nealt. The nrotein denaturation neake are featurelese in (A) (F)
temperatiy pr peak pro denatur peaks i Ay, )

and (F), but show fine structere in (B), (C), and (D). Unlike other organisms, E. coli after heating
shows two lipid transitions a.nd midual rcvcrsible protein denaturation seen in (D). All scans shown

best described by thermodynamic methods. Because of experimental constraints
imposed by the system itself, some thermodynamic parameters are not as readily
measurable as they are in more conventional materials. But the heat of transition is

an wnmrtanf narameter that can be rpad"lv measured bv differential cmnnmg
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other methods. Dilatometry, the measurement of volume change, is another thermo-
dynamic method which has been applied to the problem. Its use to date has been
restricted to only a few studies, but, as will be discussed, it is potentially a valuable
complement to calorimetry and in some cases can yield information not obtainable
by calorimetry. '

Certain features are characteristic of the materials and phenomenon studied by
calorimetry in molecular biology. Thermal events such as bilayer transitions and
protein denaturation are broad, ill defined, and not very energetic. The enthalpy of the
order/disorder tramsition in membrane bilayers is between 1 and 10calg™! of
membrane lipid; the enthalpy of denaturation of ribonuclease is about 7cal g™ 1. In
comparison, the enthalpy of fusion of n-paraffins is about 35 cal g~ !. Order/disorder
transitions in biomembranes can occur over a temperature range as broad as 30 to
40°C, starting and ending very gradually. Often these transitions occur at temper-
atures as low as —30 or 40°C. Proiein denaturation often occurs at temperatures as
high as 90°C plus. The biological materials themselves are often difficult to obtain
and the water present in the specimen limits the amount of sample that can be
investigated. For example, a typical membrane preparation of sedimented peliet is
90% water, 5% membrane protein, and 5% membrane lipid. Thus, a typical 100 mg
sample will contain only 5 mg of the material of interest.

As a consequence of these facts, a differential scanning calorimeter suited for
molecular biological studies requires certain features: it should require smail samples,
and it should have high sensitivity, small signal-to-noise ratio, and a very steady
baseline. It should operate at temperatures from at least —40 to 100°C. Due to the
instability of many membrane model systems below their melting temperature, the
ability to perform downscans is very useful. No instrument commercially available
adequately satisfies all these requirements. Adequate results have been obtained
using 2 DSC offered by DuPont which is fundamentally a differential thermal analyzer
rather than a true scanning calorimeter. We have found that very excellent results
can be obtained by modifying two other commercially available instruments.

MODIFICATION OF THE PERKIN-ELMER DSC-1B

The modification and operation for biomembrane studies of the Perkin-Elmer
DSC-1B has been described in detail elsewhere?3-24. The modifications have two
aspects: (1) modifications to optimize the signal-to-noise ratio at low temperatures;
(2) modifications to allow the use of large samples.

Modifscations for subambient temperatures

As received from the manufacturer, the DSC-1B is equipped for low-temper-
ature work. A Dewar flask filled with liquid nitrogen or dry ice and alcohol is placed
over the sample holders to provide a low-temperature heat sink. However, the sample
analyzer assembly containing the sensors and heaters is mounted on a chassis where
the underside is exposed to the atmosphere. Unfortunately, this cools not only the
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sample analyzer but the chassis as well. Condensation of water, and even the formation
of ice, on the underside of the chassis wets the electrical components and causes
baseline instability and noise after extended operation. Furthermore, the heat sink is
so closely coupled to the analyzer that the addition of extra liquid nitrogen or the
settling of dry-ice chips can cause shifts in the baseline.

These problems can be averted by minor modifications in the analyzer. The
entire analyzer head is unplugged from the chassis of the analyzer module and
inserted into a massive brass cylinder (outer diameter 4.50 in., height 5.50 in., wall
thickness 0.50 in.) provided with an octal socket to receive it. A brass top is held with
six screws and sealed with an O-ring. The cylinder is continuously purged with dry
nitrogen, which enters through a copper tube at the bottom and exits at the top. It is
immersed in a low-temperature alcohol bath cocled by a condensing unit charged
with Freon 22. The bath has a volume of 16 1 a2nd is well agitated.

Sample pan design

The presence of water in biological materials requires that the sample pans be
sealed. Sealable pans are available from Perkin-Elmer. They are useful for energetic
transitions in synthetic phospholipids where as little as 1 mg of lipid will sometimes
suffice, but for biomembranes their small volume (about 15 ul) is inadequate. For
membrane samples, volumes of 100 gl are often necessary; for whole cells 200 ul is
desirable. The problem of pan design, which might be expected to be trivial, is in fact
complicated by several factors. Pans must be of low mass so that the heaters are not
overloaded. They must present a minimum surface in order to minimize radiation.
They must be easily and quickly sealed and just as easily opened to allow removal of
the sample. They must withstand heating to about 100°C without leaking. Excellent
results are obtained with a simple pillbox style pan. The bottom is machined of brass
and gold-plated with walls approximately 0.01-0.02 in. thick, and an outside diameter
of 0.268 in. Its height can be variable, but typically is 0.175 in. (~100 ul volume).
The lid is punched aluminium, and is in reality a Perkin-Flmer dry sample pan. The
bottom is provided with a 2° taper, so that when the lid is forced on, its sides expand
slightly to make it fit snugly. The entire assembly is then sealed with Eastman 910%,
a cyanoacrylate adhesive. With these large sample pans serious convective distur-
bances can occur if the viscosity of the samples is low. Convection is not a problem
in sedimented pellets of biomembranes, but references of water or aqueous salt
solutions must include a thickening agent such as 1-2% Sephadex G-200. Baseline
curvature depends upon many factors, including the size, shape, and emissivity of the
pans; and the mass, thermal conductivities, and heat capacities of the sample and
reference. Every effort should be made to match the sample and reference as closely
as possible, but nevertheless curvature can never be completely eliminated. Re-
maining curvature can be controlled by placing a spot of flat black paint (trial and
error) on either the sample pan or reference pan to adjust emissivities.

*Eastman Kodak Co., Rochester, N.Y.
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With the above modification, and proper sample handling and calorimeter
operation®>+2#, one can obtain excellent scans using 100 ul samples with a scan rate
of 5°C min—! at the instrument’s highest sensitivity setting of 1 mcal sec™ 1. Indeed,
the scans are noiseless enough to permit the maximum sensitivity of the calorimeter
to be effectively doubled by setting the chart recorder to 2 5mV input instead of the
suggested 10 mV input. The scans of biomembrane transitions shown in Fig. 4 were
all obtained on a modified DSC-1B.

MODIFICATION OF THE PERKIN-ELMER DSC-2

In addition to the DSC-1B, Perkin-Elmer has developed a newer instrument,
the DSC-2. According to the manufacturer this instrument is a considerzbic :mprove-
ment over the DSC-1B in terms of facility of use, improved signal-to-noise ratio,
reduction of baseline curvature, choice of scan rates, and operation at subambient
temperatures. We have found that modifications similar to those described for the
DSC-1B are necessary before the DSC-2 can be used in its most sensitive mode?> of
0.1 mcal sec™ .

Although the modified DSC-1B using 100-ul sample pans has about the same
capacity to sense small thermal events as the modified DSC-2, the DSC-2 has certain
definite advantages. The modified DSC-2 has adequate sensitivity for studying
transitions in biomembranes and related phenomena using commercial 15-ul sample
pans. In comparison to the 100-ul sample pans, use of the small pans not only
requires less sample, but their smaller size effectively eliminates temperature gradients
within the pans and poor time respopse. Specimens can be scanned at a rate of
10°C min~*. The small pans are more quickly and conveniently loaded than the
large pans and have a smaller likelihood of leaking at higher temperatures. For
subambient operation the DSC-2 is used in conjunction with a dry box, which greatly
speeds up loading successive samples.

Although the environmental isolation of the DSC-2 is greatly improved com-
pared to the DSC-1B, it is nevertheless still not adequate for operation of the
instrument on the more sensitive ranges. In order to satisfactorily isolate the DSC-2
detector from the environment, two modifications must be made: improved thermal
isolation and improved mechanical isolation.

Yor low-temperature operation, two types of cooling mechanisms are commer-
cially available: (1) “intracoolers™, a refrigeration unit coupled to an expansion
chamber contained in a brass plate which fastens directly to the DSC-2 sample holder
block; (2) a subambient accessory consisting of an aluminum cold finger fastened to
the sample holder block and immersed in a reservoir of liquid nitrogen. Although with
neither of these accessories are the detectors adequately isolated thermally from the
environment, the intracoolers are the least satisfactory of the two.

In the DSC-2 the sample holders are symmetrically mounted in an aluminum
block. When the intracooler is installed, a brass plate is attached to the sample holder.
This brass plate has the expansion chamber of the refrigeration system asymmetrically
Iocated within it. This arrangement is a source of noise because the thermal
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fluctuations which continually occur within the plate are not averaged out before they
are encountered by the holders. Additional noise occurs because the cfficiency of the
small air-cooled refrigeration unit varies with ambient room temperature. This
variance is readily detected on the more sensitive ranges. An attempt to improve the
intracooler system by replacing the small air-cooled refrigeration unit with a larger
water-cooled unit helped, but the results were still not satisfactory.

The cold finger with liquid nitrogen reservoir provided better results than the
unimproved intracooler system. With it too, however, the DSC-2 output was noisy
and showed correlations with room temperature. This accessory has the added
disadvantage for routine use of requiring the reservoir be maintained with liquid
nitrogen, a process both inconvenient and expensive. Further, although the temper-
ature of the heat sink shoul!d be sufficiently lIow, too large a difference between
sample and heat sink introduces unnecessary baseline curvatere. A 25°C differential
is desirable.

Since biomembranes frequently require scans be performed from aboat —40°C,
a heat sink maintained at —65°C is move desirable than the —196°C of liquid
nitrogen.

In addition to inadequate thermal isolation, the DSC-2 suffers from inadequate
mechanical isolation of the calorimeter head. The aluminum block and attached cold
source are suspended from the center of a thin (approx. 1/16 in.), non-reinforced,
stainless-steel deck plate (22.5x19.5in.). This arrangement of a heavy weight
mounted in the center of a thin metal plate tends to behave much like a2 drum head;
a loud shout close to the metal deck causes a pen deflection.

In view of the preceding difficulties, certain modifications of the DSC-2 were
carried out which allow it to perform rapid, routine measurements cn its most
sensitive range of 0.1 mcal sec™! at scan rates of 10°C min~—! over a —35 to 100°C
temperature range with flat, noiseless baselines.

Figure 5 shows the modified portion of the DSC-2. The original aluminum
sample holder block was combined with a brass subplate and massive brass cold
finger (2 1/2 in. diameter and 5 1/2 in. Iong) to form a new head assembly. This new
head is mounted on the DSC-2 so that it remains continually submerged in a low
temperature bath, but at the same time allows immediate access to the sample holders.
The original metal deck was replaced with a 1/2 in. thick linen-reinforced laminated
phenolic plate* which provides high mechanical strength plus very desirable
insulating qualities. An antechamber for the head is provided by a phenolic tube*
(51/2in. ht. x6 in. O.D. x 3/4 in. wall thickness) bolted underneath the deck. The
head assembly is mounted into the antechamber by bolting the phenolic tube to the
brass subplate of the head. Each interface in the assembly is sealed with low-
temperature silicone O-rings**, and each interface in the heat train is coated with
Wakefield Thermal Compound No. 128*** to insure efficient heat conduction.

*A.A.A. Plastics, Boston, Mass.
**Irving B. Moore Corp., Cambridge, Mass.
t*tWakefield Corp., Wakefield, Mass.
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Fig 5. Schematic diagram of the modifie¢ portion of the Perkin-Elmer DSC-2. The original thin
metal deck has bezn replaced by a thick linen-reinforced Iaminated plate to whose underside a splash
ring 1s mounted. The calorimeter head-cold finger assembly ts immersed in the low-temperature bath.
A phenolic tube provides an antechamber for the submerged head. The cold temperature bath is
shown wtth its cooling coils, flow-directing internal cylinder, dispersing screen and stirring propeller
with sealed low temperature drive train.
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- The cold finger and block assembly is cooled in a 15 gallon cylindrical stainless
steel tank (20 in. ht. by 15 in. diam.) containing 14 gallons of 70% ethylene glycol-
water. Another stainless steel cylinder (18 in. ht. by 10 in. diam.) is placed inside the
tank (1 1/2 in. clearance from the bottom) to direct the coolant flow upward, bathing
the cold finger. A double thickness screen is mounted inside the inner cylinder to
disperse uniformly the upward coolant flow and prevent vortex formation. The bottom
of the tank is equipped with an 8 in. polycarbonate boat propeller and stainless steel
dnve shaft and thrust bushings* mounted within a tubular brass housing. A packing
cavity with adjustable packing nut provides a low-temperature seal; the packing is
teflon-coated asbestos fiber**. The stirring propeller is driven by a 1/8 horsepower
gearmotor (10:1 ratio), with speed adjustmept (500 rpm maximum) via a variabie
voltage transformer, mounted underneath the tank and coupled to the drive shaft
by a flexible thermally insulating urcthane coupling***. This type of coupling
minimizes mechanical and thermal coupling between the motor and propeller drive
shaft and also allows easy alignment. The tank sits inside a plywood box insulated
with poured polyurethane insulation and mounted on a support table which is
mechanically independent of the cabinet supporting the DSC-2 instrument.

The bath contains about 40 ft. of 1/2in. copper evaporating coils. The
refrigeration system is driven by a 1 1/2 horsepower Americold compressor® with
water-cooled condensers. The evaporator uses an automatic expansion valve® to
regulate the flow of refrigerant to the coils and to also allow operator adjustment of
the system back pressure. A heat exchanger precools (via the cold backside line) the
line refrigerant before it enters the evaporator. The refrigerant used is Freon 502.

The top of the box holding the refrigerated tank and the underside of the
phenolic deck are covered with 1/2in. foam rubber insulation. A splash ring is
mounted on the underside of the deck. When the deck is positioned over the tank
these two foam rubber surfaces are compressed together to seal the bath from the
room environment.

The commercial Plexiglas dry box included with the subambient accessory is
mounted on the phenolic deck. Electrical connections, nitrogen purge lines, and the
vacuum pickup tool with its on—off switch are within this dry box. Three types of
nitrogen purges are employed: a fast purge tc the dry box, a slow purge to the
antechamber cavity, and a very uniform slow purge to the sample holders
(20 ml min~ *). Ultradry nitrogen is required for the holder purge and is obtained by
passing the gas through a 36-in. column of P,Os. The effiuent from this dryer column
passes via a pressure reducing diffuser plate to the sample holders and exits into the

dry box.

*Dixon Corp-, Bristol, R. L
**Devcon Form Pack 1, Devcon. Corp., Danvers, Mass.
**+Winfred M. Berg Inc., East Parkway, N. Y.
2 Rhode Island Refrigeration Supply, Providence, R. L
$5 Singer Model 204C, Control Co. of Am., Milwaukee, Wisc. -



- An example of resuits obtained. using this modified DSC-2 is shown in Fig. 6.
These scans were pcrtormed on a wet sample containing 3 mg dry we:ght of E.i
“coli*>** whole cells (wild-type W945, grown at 20°C in M3 minimal medmm)
suspended in 50-50 ethylene glycol-water. The lower peak, centered. at about 5°C,
characterizes the living cell and occurs in the lipids of the plasma membrane. Provided
the calorimeter is not scanned above physioclogical temperatum» it is seen to be
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Fig. 6. DSC scans of wild type E. coli whole cells obtained with a modified Perkin-Flmer DSC-2.
The scans were taken in 50% cthylene glycol (2, b) below protein denaturation temperatures, (c)
through protein denaturation, (4, €) and after protein denaturation. In (a—<) the peak centered at
5°C is the cytoplasmic membrane transition. The large peaks in the neighborbood of 60-70°C in
(<) are protein denaturation. The peak at 90°C may be DNA. In (d), after heating to high temperature,
the cytopiasmic membrane transition remains almost vnaltered by tthe outer membranc produces a
new peak centered at 25°C. Some protein and possibly DNA peaks remain. Samples were 3 mg
dxyweigbtinglyco!—buﬁ'er.CdBmgmwnatZﬂ'Cinminimalmedinm. :

reversible (Fig. 6a, b). InF'g. 6¢ the cells are heated to 100°C; in addxt:onto the
plasma membrane transition at 10°C, protein denaturation peaks are observed in the
nc:ghborhoodofGO—70°C.'I‘hep&.k3190°CmaybeDNA.Asammkenaﬁcr
heating (Fig- 6d) reveals minor changes in. the first transition and shows a new
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transition arising from the lipid of E. coli’s outer membrane, centered at about 25°C.
The peak remaining in the neighborhood of 60°C is reversible protein denaturation,
possibly arising from partially re-annealed peptide. Subsequent heatings do not
changc this pattern (Fig. 6¢).

EXAMPLES OF DSC APPLIED.TO MODEL SYSTEMS AND BIOMEMBRANES

Mod-l systems

A model system that has been used extensively in biology for permeability
‘studies is produced by the prolonged sonication of phospholipids in water. This
process forms small (a few hundred A diameter), closed vesicles whose walls consist

—

Exothermlo

D¥tsrential Heot Flow
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M e S
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Fig. 7. DSC scans of dipalmitoyl Iecithin (A) unsonicated, and (B) sonicated at S0°C for 5 min,
© lOmm.(D)Zlmm.and(E)SSmm.Inunscmatedlemhmthecbamnc “premelt™ appears
" as 2 small, lower temperature peak.
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of a smgle bilayer?6. The use of these vesicles as models for membrane bilayers 1s»
guestionable since, most likely due to their small radius of curvature!*:27, the
molecular packing in these particles is d1ﬁ‘crent from the molecular packing in normal
lipid bilayers. The similarity of the molecular packing in these particles to the
molecular packing in lipid bilayers was debated for about six years with arguments
primarily based on Proton Magnetic Resonance?®. Use of DSC makes the dis-
similarity obvious.

Sonication drastically changes the nature of the melt seen in synthetic and
naturally occurring lipids alike!3-2%2:2%. When a dispersion of lecithin or natural
lipids is converted to small vesicles, its large endotherm is lowered in temperature,
decreased in enthalpy and entropy, and increased in width. This broadening of the
transition is also seen by dilatometry?” and by fluorescent probes>®-*°. The course
of sonication can be followed by DSC and reveals the growth of a broad lower
temperature endotherm characteristic of the small vesicles at the expense of the
higher-temperature endotherm associated with the unsonicated lamellar phase (Fig. 7).
Judged calorimetrically, the conversion of the lamellar phase to the vesicular form
appears to approximate a two-state process, where, in the intermediate stages of
sonication, endotherms characteristic of both states are present. The observed changes
necessarily imply a change in the organization of the phospholipid molecules upon
sonication. Probably as a consequence of the abnormal packing of lipids in sonicated
vesicles if held below their transition temperature, they coalesce with time and their
transitions revert to those of unsonicated versicles. The instability of this system
below its transition illustrates the importance of being able to scan down in
temperature.

Biomembranes _
Temperature strongly affects the fatty acid composition of membrane lipids in
almost all organisms. The melting points of fatty acids biosvnthesized or selected from
the growth medium for incorporation into membrane lipids decreases markedly with
decreasing growth tempe:ature. This response is required to maintain the membrane
bilayer in a liquid state at any temperature??. Although formation of membrane
Iipids is enzymatic, the temperature-responsive control of those fatty acids and hence
the position of the membrane transition may not be enzymatic in nature. In studies on
A. laidlawii, DSC combined with standard biochemical techniques suggests that the
temperature sensor and selector of appropriate fatty acids is the lipid bilayer itself.
Aliguots of cells whose membrane transition was characterized by DSC
(Fig. 8a) were incubated at various temperatures for a short length of time with a
mixture of '“C-labeled palmitic acid (“high-melter™) and *H-labeled oleic acid
(“low-melter™), and the amounts of the two fatty acids incorporated into the
membrane lipids were measured. A plot (Fiz. 8b) shows the results: the palmitate/
oleate ratio increasing with temperature. The shape of the curve follows the membrane
transition, which is a direct indication of the physical state of the membrane. In
studies on protein-free lipid extracts of A. laidlowii lipids (Fig- 8c), the ratio of the
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physical binding of these fatty acids to the lipid bilayers mimics the selective process
in live cells.

This ability to act as a temperature sensor and selector may be a general
property of any phospholipid bilayer. Figure 8d is a2 thermogram of bilayers formed
from a mixture of 20% egg lecithin in synthetic dipalmitoyl lecithin, lipids not found
in the membrane of A. laidlawii. The same transition dependency of the binding of
“low-melter” to “high-melter” is seen.
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Fig- 8. The bilayer as a temperature-sensing sclector of fatty acids. (@) Is a DSC scan of membranes
from A. laidlawii grown at 37°C in tryptose. The ratio of palmitate to oleate (P/O) taken up from
the medium and esterified to the membrane lipids after shori-time incubation at various temperatures
is shown in (b). Physical binding of palmitate and oleate to protein-free lipids is shown in (c). A
mixture of dipalmitoyl lecithin and egg lecithin (20%) produced the DSC scan shown in (d) and fatty
acid binding curve in (¢)-

DIFFERENTIAL SCANNING DILATOMEIRY

The success of DSC in the study of biological membranes snggested that the
complementary technique of dilatometry might be equally useful. Dilatometry is
usually a very tedious procedure which often lacks sensitivity or is restricted in
applicability. For this reason a sensitive, automated differential scanning dilatometer
(DSD) has been constructed in our laboratory3®. This device continuously determines
the buoyant mass of biological samples as small as a few milligrams, isothermally or as
a function of temperature. As in any differential instrument, many errors are impli-
citly self-corrected and the number of operations is reduced to a minimum. Because
this instrument has a resolution of 0.02 ul and is capable of using a large amount of
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sample (10 ml maximum volume), it is very suited to measure the broad thermal
events seen in biomembranes and other biological materials. .

The dilatometer A

The dilatometer employs the principle of buoyant density. The sample is
contained within a submerged cell and is balanced by an identical reference cell. A
Cahn recording electrobalance* provides the sensor for the dilatometer, which appears
schematically in Fig. 9. Hanging the sample and reference cells from opposite ends
of the beam, each equidistant from the pivot, allows the balance to respond to the

| .
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Fig 9. Schematic diagram of the differential scanning dilatometer: (a) terraxzo base; (b) brick
support pillars; (c) aluminum caps; (d) aluminum crossbeam; () leveling screws; (f) electrobalance;
(2) reference or sample tube; (b) adjestable tube rack; () water bath; (§) four-vaned paddie.

difference in mass between sample and reference rather than to the absolute mass of
either. If the component parts of the two cells and their suspension systems have
identical masses, the electrobalance feeds no signal to its associated recorder.
Similarly, if both cells are completely filled with the same liquid of density p and are
also suspended in the liguid that fills them, the same buoyant force is exerted on each.
The recorder then remains at zero, regardless of the temperature or the nature of the
suspending medium. On the other hand, if a sample of diy mass m and apparent
partial specific volume ¢ is dissolved in the liquid within the.sample cell but not
within the reference cell, a mass of liquid mgp is displaced by the sample. The electro-
balance continues to ignore the masses of the sample and reference cells and responds

*No. 2000 RG Electrobalance, Cahn Division, Ventron Inst. Corp., Paramount Calif.
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only to the buoyant mass of the sample, given by
my=m(l —¢p) ) (¢))

Providing the sample and reference cells are identical and the solvent inside and
outside the cells are also identical, the volumes of the cells are unimportant and need
not be defined. Since in practice the masses of the materials comprising the two cells
are not perfectly matched, a baselinc of sample cell run against reference cell is
subtracted from actual runs (a very small correction).

In our laboratory the dilatometer is ordinarily operated in the temperature-
scanning mode. The differential design adapts it particularly well to scanning, which
yields a continuous record of m, against temperature if the temperature dependence
of the solvent density p is known. For water, this Iatter parameteér exists in the
published literature; for other buffers, it can be obtained from the diiatometer itself.
When rearranged, eqn (1) affords the apparent partial specific volume ¢ (7)) from

my(T):
_ [m—m,(T)]
D)= [mp(T)]

A computer facilitates calculating both ¢(7) from egn (2) and the coefficient of
expansion x(7T) according to eqn (3)

_1/3¢
«(T) = ¢(6T ,, ®

The detailed construction of this instrument has teen discussed elsewhere3!.
Figure 9 illustrates the basic components of the dilatometer, and Fig. 10 provides a
detailed view of the sample cell assembly. The design and development of the DSD
required that great care be taken to eliminate vibrations and non-uniformity of heat
distribution.

The dilatometer temperature and rate of temperature change are regulated by
heaters controlled by a proportional temperature controller equipped with a linear
programmer. Down-scans are carried out by back-heating the dilatometer bath
against a heat sink of cooled water of programmed temperature circulated through
copper tubes lining the brass water bath walls. A system of timers and relays permits
total automation for repeated up and downscans. Outputs of the electrobalance and
sample temperature are monitored by a two-pen chart recorder.

®?

Sample preparation

An extremely important consideration in the dilatometer operation is the
removal of dissolved gas. The volume changes investigated generally lead to changes
in apparent mass of the order 1-10 mg over a 50°C temperature range. If an air
bubble of 1 mm diameter were to form in or on the sample or reference cell in the
course of a run, its volume would be about 5.2 x 10™* ml. Since this volume represents
a buoyant force of approximately 0.5 mg, it is important that the system be thoroughly
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Fig. 10. Complete assembly of sample cell, suspension wire, and giass tube, with purge line in place:
(@) Pyrex tube; (b) purge line; (c) plastic insert; (d) tungsten suspending wire; (¢) monofilament
nyion thread; (f) platinum hooks; (g) reference or sample cell; (h) cellulose nitrate tube; G) poly-
styrenc cap with oeoprene O-ring and nylon sealing screw.

deaeraZed initially and be prevented from reaerating during the course of a run.
Loading the sample and reference cells therefore requires these cells, as well as their
suspending liquid, be free of dissolved gas. In loading, the cells are deaerated, Ioaded
with degassed sample suspension or buffer, and sealed under thoroughly degassed
water. The cells are then suspended in tubes of degassed solvent (Fig. 10) and the
eatire tube assembly is placed in a vacnum desiccator for a final deaeration. When the
tubes are mounted on the dilatometer rack they are constantly purged with neon to
prevent reaeration during 2 run and to carry away any vapors, thus preventmg
condensation on the suspension wires.

Dry weight

Using the DSD and above procsdures, the largest error in partial specific
volume determinations was found to arise from dry weight determinations. The
exact meaning of dry weight in materials as complicated as biological membranes is
mot at all clear. In many biological preparations tightly bound water may not be
removed if drying is not suﬁiacntly vigorous, but on the other hand harsh treatment
can cause dwomposmon or loss of other materials in addrnon to water. In order to
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assure accuracy and reproducibility, we have developed an apparatus that allows the
sample mass to be monitored continuously under well-defined conditions of temper-
ature and pressure>2. It is based upon a design described in tke literature>?, but is
modified to enable determinations to be made faster and more simply than the
published design allows. '

Briefly, 2 Cahn electrobsiance identical to the one used in the DSD is placed in
a vacuum case having a long tube in which the sample pan hangs. A vacuum is
maintained while pressure is monitored on a chart recorder using a vacuum thermo-
couple gauge. Heat from an infrared lamp radiating through the tube wall heats a
blackened sample pan in which the sample is contained. This pan is covered with a
top having a small hole for the escape of vapor. The arrangement allows heat to be
transferred to the sample through conduction rather than radiation so that vanations
in the color of samples do not affect the “true™ temperature at which they are dried.
The temperature is controlled by regulating the lamp voltage using a full-wave
phase-firing controller whose probe is mounted next to the sample pan. A continuous
record of weight is provided by feeding the electrobalance output to a chart recorder.
Recordings can easily be made to i1 ug in the course of a drying. Temperature is

Fig. 11. Schematic diagram of drsy weight apparatus: (@) vacuum casc; (b) dectrobalanoe, ©) mplc
tube assembly; (d) domes; (¢) vacuum thermocouple gange; (f) grounded copper screen; (g) tem-
perature controller; (h) infrared heating lamp; @) oven; (i) metal spring; (k) aluminum suppon
bars; (Domletto tmpandvactmmpump.(m)bleed (n)decmmlfeedthrough (o)baﬁ!e. N
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monitored by a separate thermister probe mounted immediately under the sample
pan and calibrated with respect to the temperature on the inside wall of the sample
container.

The basic structure of the dry welght apparatus is shown in Fig. 11. The main
vacuum case (a) is an 8 in. diameter Plexiglas cylinder with 1 in. thick walls. The ends
are closed by 1 in. thick Plexiglas sheet secured by bolts to a collar of the same plastic
fused to the cylinder. Neoprene O-rings in 2 machined groove provide a tight seal.
Openings into the cylinder corresponding to the loop positions on the balance beam
are provided by 2 in. diameter acrylic tubes machined to fit snugly into the main
cylinder wall into which they are fused. Collars made from Plexiglas sheet are fused
to the outer ends of these outlets and grooved to receive an O-ring from a standard
57 mm OD glass flat flange joint. Glass domes (d) fashioned from such joints seal
these openings. The bottom dome encloses the stirrup pan from loop C of the
clectrobalance, while those on top close ports which are not in use. One of the top
domes has an inlet for the vacuum thermocouple gauge (¢) which monitors pressure
within the case.

The vacuum case (a) and sample tube assembly (c) are lined with a grounded
copper screen (f) which guards against potentially troublesome static charge. The
Cahn balance (b) is held firmly in place in the vacuum case by a metal spring (3)
mounted on the top, and aluminum bars (k) screwed to the bottom of its frame. A
plastic baffle (o) is mounted over an opening in the end cap to which a glass T joint
is fitted. One end of the T joint (1) connects to a needle valve which Ieads to a liquid
nitrogen trap and vacuum pump. The other end of the joint (m) is a bleed, and consists
of a needle valve leading to a drying tube. An electrical feed-through (n) carries the
wires for the balance, the ground, and the temperature controller probes. The sample
tabe assembly (c) fits into a hole in an oven (i) constructed of an insulated, tin plated
steel can enclosing a 250 W infrarcd heating lamp (h). The output of the lIamp is
controlled by a full-wave phase-firing controller (g) whose sensor is within the sample
tube assembly ().

Figure 12 is a detailed illustration of the sample tube asscmbly. The tube itself
(a) is made from two 14 cm lengths of 57 mm O.D. glass flange joints. The grooved
flanges of the upper and lower sections are joined at a neoprene O-ring (h) and
supported by springs (k) attached to brass rings (j) encircling the glass tubes. These
springs can be unhooked to permit easy removal of the bottom tube for access to the
sample stirrap (e) which hangs from a long nichrome wire (c) suspended from loop A
of the electrobal~uce. A conical picce of thin aluminum sheet (d) inserted in the upper
section of the sample tube assembly acts as a heat deflector and is pierced by 2 0.5 cm
diameter hole to admit the hanging wire.

The grounded copper screen of the vacuum case is continue:  wn the sample
tube assembly (b) with the front section of the screen in the lower tuve open at the
level of the stirrup (¢). The sample pan (f), which sits on the stirrup, is formed from
aluminum foil coated on one side with black enamel paint and oven cured at 180°C.
These pans are 25 mm in diameter and can hold about 1.5 ml. An aluminum foil lid (g)
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Fig- 12. Sample tube asscmbly: (2) glass tube; (b) grounded copper screen; (€) nichrom= wire;
(d) heat deflector; (¢) clectrobalance stirrup; () sample pan; (g) sampic pan lid; (b) ncoprenc O-
ring; (3) brass rings; (k) springs; (I) sensor for temperature controller; {m) thermister probe.

with a 1 mm hole in its center is placed over the sample pan during the run to protect
the sample from radiant heat and to support the calibrating weight during standard-
ization of the instrument. The temperature controller probe (1) is positioned
immediately to the side of the stirrup (g) and the temperature sensor probe (m) is
positioned immediately below the stirrup and sample pan. The latter probe was
calibrated by means of substances of various melting points to give the actual pan
temperature.

In an actual dry weight determination a 1.00 ml sample containing about 5 to
10 mg of material is pipetted into a previously tared sample dish and placed under
slight vacuum in a desiccator over silica gel overnight. All samples have been found
to dry to a solid during this time without creeping over the edge of the dish. The pan
is then transferred to the sample stirrup using grounded metal tweezers and covered
with the lid. The sample tube assembly is closed, the vacuum pump, is turned on, and
the oven slid into place. The temperature controller is activated while the recorder
continuously traces the sample weight while heating in vacuo. A final weight can be
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taken without returning the system to atmospheric pressure and temperature.
Standard operating conditions are 400 u pressure and 105°C. When the weight has
shown no change over a 20-min period, the sample is consndeted dry. Most samples
reach equilibrium in l&ss than2h.

.Repre.;axtam:e results

Dilatometer performance was tested with two well-defined standards al 00%
solution of KCl, and n-cicosane. For KCl, the standard deviation of the experimental
points about a sixth-order curve fitted to the same points over the temperature
interval of 0-50°C was 0.60007 ml g~ ! or 0.02%3!. Accuracy was estimated over
the entire temperature range by comparing published values of ¢ with the experi-
mental best-fit curve. The standard deviation for the difference was 0.0008 ml g—*
or 0.22% for ¢ at 20°C. Coeflicients of expansion, obtained from the best-fit volume
curves, are less accurate than the volume measurements themselves; errors of 2-3%
could be expected routinely. Similar results were obtained for n-eicosane. At 30°C
the experimental ¢ was 1.0756 compared to the literature value3® of 1.0749. The
melting of this hydrocarbon at 35°C appeared experimentally as a 19.0% increase in
volume, agreeing well with the literature value 19.3%.

74}
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Fig. 14. Dilatometric upscan of dipalmitoyl L-x-lecithin, apparent partial specific volume versus
temperature. Units of ¢ are milliliters per gram.
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Fig. 15. Apparent partial specific volumes of (2) A. laidlawi and ® calfbxammyam. A. Iidlasis
shows a2 2.1% increase in ¢ over its membrane transition. . ,
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Dilatometer upscans of two proteins, bovine serum albumin and ovalbumin,
are shown in Fig. 13. For these measurements as well as those to be discussed below,
about 100 mg dry weight of material was run in deionized water. For bovine serum
albumin the ¢ vs. T curve (a) is nearly linear. Native ovalbumin, having a higher ¢
than bovine serum albumin, exhibits a volume increase upon thermal denaturation (b).
Both ¢ and « are greater for denaturated ovalbumin (c) than for the native protein.

Figure 14 is an upscan of L-x-dipalmitoyl lecithin (DPL). A thermogram of
this lipid is shown in Fig_ 2b. Both the chain melt of the lecithin bilayer at 41.5°C and
the premelt at 35°C can easily be seen. In downscans the premelt is displaced down
in temperature by several degrees, a phenomenon also observed by DSC. The volume
change through the transition is 3.5%.

Figure 15 shows upscans of two membranes; (@) A. laidlawii and (b) myelin
prepared from calf brain. In A. laidlawii the membrane transition is seen as a 2.1%
increase in volume. The small concavity seen in the curve from 40-50°C is most
likely protein denaturation. Since the membrane of A. laidlawii is about 50% lipid
and 50% proteii:, its partial specific volume is intermediate in value between that of
lipid and protein. The higher ¢ of myelin reflects its high (ca. 80%) lipid content.

No transition is secen in myelin due to its high content of cholesterol, which
allows bilayers to exist over a2 wide temperature range in a semi-fluid state without
undergoing a transition®%. The concavity observed from 35 to 47°C is well above
noise level and is reproducible. .

An additional example of the application of DSD to biology will be given in
the last portion of this paper. It should be noted now, however, that the dilatometer
frequently reveals details in thermal profiles which cannot be detected in the DSC
(and vice versa), so that the two methods complement each other nicely. And unlike
DSC, the dilatometer gives a unique and characteristic curve for every substance.

THERMAL STUDIES OF SERUM LYPOPROTEINS

An ongoing study of the human serum lipoproteins illustrates the advantages
of approaches which integrate several different but complementary thermoanalytical
methods. The serum lipoproteins, which constitute a major component of blood
plasma, are particles consisting of lipids solubilized by association with proteins3°.
Neither the state of the lipids within the particles nor the mode of association of the
lipids with the proteins is well understood. Their primary function seems to be the
transport and exchange of lipids, and from time to time they have been suggested to
play 2 role in arteriosclerosis. They are usually divided into four major claszss
defined by density ranges (chylomicrons, very low density, low density, and high
density) which are usually isolated by ultracentrifugal flotation in buffers whose
densities are adjusted by adding salt. With the exception of scme overlap between
chylomicrons and the very low density lipoproteins, classes have characteristic
flotationat coefficients and are distinct from one another. The exact lipid composition
of each class varies from sample to sample but for each, it falls within a specific range
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characteristic of the class. Similarly, although the protein composition of each class is
heterogeneous and some proteins are shared in common, each class seems to be
characterized by a unique and constant spectrum of proteins.

Of the four classes of serum lipoproteins, we are concerned with only two, the
low density lipoproteins (LDL) and the high density lipoproteins (HDL). Both of
these classes are structurally more interesting and present a more challenging problem
than the chylomicrons or the very low density lipoproteins, which appear to be
essentially fat droplets. The LDL contain about 25% protein, and 75% lipid con-
sistiag of phospkatides, cholesteryl esters, cholesterol, and triglycerides. The HDL
consist of approximately equal amounts of protein and lipid. The lipid of HDL has a
higher proportion of phosphatides and a lower cholesteryl ester component than the
lipid of LDL. Except for fatty streaks in arterial walls, the high cholesteryl ester
content characteristic of the LDL and HDL is not found elsewhere in biology.

An extensive arsenal of biochemical and biophysical techniques have been
applied to the lipoprotein problem, but a satisfactory structural model remains
elusive. The apolipoproteins, especially those of the HDL, have been reasonably well
characterized biochemically, and the amino acid sequences of some are known.
NMR studies indicate that the bulk of the lipids are not tightly bound to the apo-
protein, but appear to be highly mobile®”. The helical content of both the HDL an:d
the LDL is appreciable, and the secondary conformation of their proteins appears to
be more temperature labile than that of most other proteins>®—°. Both spectroscopic
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Fig. 16. DSC scans of human low-density serum lipoproteins (2) in their native state before thermal
protein denaturation and (b) afier protein, denaturation, and of human high-density serom lipo-
proteins (¢) before and (d) afier protein denaturation. The scans differ considerably, the LDL showing
a low-temperature peak arising from a lipid transition and irreversible protein denaturation, but the
HDL showing no lipid peak and reversible protein denaturation. All samples were dlsolved in
phosphate-buffered saline at pH 7.4 and scaoned at 10°C per minute.
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-and chemical evidence suggest that much of the protein and the polar ends of the
phosphatide molecules are accessible to solvent, a conclusion consistent with thermo-
dynamic arguments. Much of the physical and chemical evidence is, in general,
consistent with a lipid core rich in cholesteryl esters, bounded by phospholipid
molecules and peripheral protein, although recent X-ray diffraction studies have been
interpreted to suggest the presence of a lipid bilayer and a central core of protein**.

The thermal profiles of the LDL and the HDL, shown in Fig. 16, differ
considerably from each otker. Both reveal some unexpected features. A reversible
transition occurs in the LDL, centered at about 15°C, which is unaffected by thermal
protein denaturation. The protein peak, at about 70°C, is irreversible. Superficially,
the behavior of the LDL in the DSC resembles that of biomembranes (compare
Figs. 3 and 4). However, in spite of the considerable phospholipid content of the LDL,
the lower temperature peak appears to correlate with the transition temperature of
extracted cholesteryl esters (probably the nematicfisotropic transition) rather than
with the temperature expected for phosphclipid bilayers*2. No separate lipid bilayer
transiticn can be detected. If the observed reversible transition can in fact be assigned
to cholesteryl esters, the structural implications are obvious: within the lipoprotein
particle is a pool of cholesteryl ester large enough to behave thermally like bulk esters.
The most likely location is in the core of the particle.

No reversible lipid transition, from either cholesteryl esters or phospholipid
bilayers, can be detected in the HDL by DSC. Apparently, in spite of the fact that the
cholesteryl ester content is still appreciable (about 50% of the lipids in the LDL and
30% in the HDL), a pool Iarge enough to melt is not present. Careful determinations
of the heat of the lipid transition seen in the LDL should enable us to determine the
percentage of the cholesteryl esters in the LDL which contribute to the peak. If all
contribute, the LDL and HDL may represent quite different structures, but if only
half contribute, the thermally inactive half may exist in the same state in both Lipo-
proteins. The proteins in the LDL and HDL also appear to behave quite differently.
As pointed out, protein denaturation in the LDL is irreversible, as it is in many other
proteins, and the protein peak disappears after the sample is heated to high temper-
atures. In the HDL, on the other hand, a large reversible protein peak remains after
heating but occurs at a lower temperature than in the native material. The major
proteins in the HDI. and LDL differ chemically, and DSC studies of the lipid-free
apolipoproteins from both classes should clarify whether the peculiar denaturation
profile in the HDL is characteristic of tk2 proteins themselves or a result of lipid—
‘protein interaction.

The results of the combined techniques of DSC, dilatometry, and circular
dichroism are shown in Fig. 17 for the LDL. The DSC of the lipoprotein is essentially
the same as in Fig. 16, although the lipid peak occurs at a slightly higher temperature.
The protein peak is unchanged. Different donors gave the two samples, and the
discrepancy is a result of different fatty acid compositions. The general temperature
course of the apparent partial specific volume is as expected: there is a nearly linear
increase with temperature, similar to that observed in other proteins (see Fig 13).
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Fig. 17. Calorimetry, dilatometry, and circular dichroism of human low-density serum lipoproteins.
‘The DSC scans of (a) nzative and (b) heat-denatured materials are essentially the same as shown in
Fig. 16. The sample is from a diffcrent donor, and the slightly clevated lipid transiton temperatuore
reflects a change in fatty acid composition. Fine structure in the curve of apparent partial specific
volume () may arise from protein conformation changes not detected by the DSC. CD does in
fact indicate (d) such changes do occur. The small wiggles in DSC scans (a) and (b) are instrumental
noise. The wiggles in DSD scan (c) arc well above background noise and are reproducible.
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Fig. 18. Calorimetty, dilatometry, and circular dichroism of human high-density serum lipoproteins.
“The DSC scans, shown carlier in Fig 15 are of (2) native and (b) heat-denatured materials.-The
thermal behaviour of the apparent partial specific volume (c) differs considerably from that of the
LDL, and suggests a glasc transition. CD again-indicates (d) that minor protein conformational
changes occur, but are not detected by DSC, below the temperature of major protein denaturation.
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The decrease in slope at the upper end of the curve may indicate the completion of the
lipid melt, as it does in A. laidlmwii shown in Fig. 15a. If this is true, much of the
volume change up to 35°C may arise from the cholesteryl ester transition; additicnal
dilatometer scans to higher temperatures are mnecessary. Superimposed upon the
curve are several small inflections which could reflect minor lipid transitions but
more likely arise from protein transitions. The CD curve verifies that such transitions
in secondary protein conformation do indeed occur at temperaturcs below those
ordinarily associated with protein denaturation. CD studies of LDL of varying fatty
acid composition, and hence varying cholesteryl ester transitions, will determine
whether the protein conformation changes are independent of the lipid transition.

Like the DSC scans, the dilatometer scan of the HDL (Fig. 18) is far different
from that of the LDL. The behavior seen in Fig  18b is quite unexpected, and cannot
arise from a first-order lipid transition sincz none is seen in the DSC. Such behavior,
a sharp discontinuity in the coefficient of expansion, has not been seen in other systems
and is strongly reminiscent of a glass transition. The presence of a glass transition
might be verified by other methods such as NMR or DSC. It is not surprising that no
accompanying discontinuity in the heat capacity is seen in Fig. 18a. Both the dila-
tometry and the CD were carried out under near-equilibrium conditions, with very
slow heating and cooling, while thermal cycling was rapid in the DSC (10°C per
minute). Since glass transition temperatures are very dependent upon thermal
histories, DSC must be operated in the appropriate mode to give genuine C,
measurements. The secondary protein conformation of the HDL, like that of the
LDL, is revealed by CD to be thermally labile at temperatures below massive
denaturation, although the changes are not as pronounced as they are in the LDL.

Although the results described here are preliminary and are included largely to
illustrate the value of a thermoanalytical approach to biological problems, a con-
sistent interpretation seems to be emerging. In contrast to previous results obtained
by isothermal measurcments, thermoanalytical methods strongly suggest that the
LDL and HDL are fundamentally quite different particles. If these first impressions
are sustained by subsequent work, the different physical properties could imply
different biological roles.
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