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In structural determinations of inanimate materials, thermaI auaIysis has long 
proven to be a powerful technique, particularly when coupkd with X-ray di&xtion 
or spectroscopic methods- In molecular bioiogy, thermzd aualysis, frequently com- 
bined with other techniques, similarly shows itself to be a powerful tool. Its im- 
portauce is not Iimited solely to uuderstandiug biological structures but extends to 
understanding physiofogical processes as well_ 

This paper describes the application to molecular biology of differential 
scanning calorimetry (DSC) and the comp1ementa.r-y technique of &fF&rexniaI 
scanning diIatometry @SD). 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 difkential scanning dilatometer together with 
its auxilky techniques. Some examples are given of the uses of these methods in 
understandiug the structure, thermodynamic state, and physiological functions of 
biologicaI membranes. 

A further ilhrstmtion of the type of approach taken in applying thermal 
analysis to mokcular bioIogy is provided by a description of au ongoing study. This 
study uses DSC aud*DSD in correIatiou with the temperature dependence of ultra- 
violet circuk dichroism (CD) to elucidate the structures of human hi* density 
(HDL) and low density (LDL) serum lipoproteins. 

INlRODUCllON 

Without doubt, the single most importaut contribution of thermal analysis to 
molecular biology has been to establish the lipid bilayer as the fundamental structure 
of biological membranes. As earIy as 1899, studies on the permeability of celI surfaces 
to lipid-soluble substances suw that these membranes have a predominately lipid 
nature’, In 1925, studies using the newIy deveIoped Langmuir trough Ied to the 
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hypothesis that bioIogical membranes were Maycrs of Iipid moIecuIes*. In the 
folIowing years, de basic modeI of bioIogicaI membranes as lipid bilayers with 
assouaW protein was dcveIoped3_ This model was supported by studies using X-ray 
diEaction and electron microscopy5_ In the middle 19603, researchers influenced 
by the dtnlopments and su- of protein chemistry questioned the bilayer 
concept of biomembranes 6-9. It was sug@ that biologiml membranes were 
composed of various ty~xs of protein subunits with more or less tightly associated 
Iipid as opposed fo a continuous lipid bilayer with associated protein. At this point, 
the development of the techniques of DTA and DSC and their appIication to lipid 
bilayer systems set the stage for a conclusive demonstration of the correctness of the 
bilayercomxpt 

TAETHERSAL BEHAVIOR OF LZPID INLAYERS IN MCESS 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 Iougchain hydrocarbous 
bonded in some manner to a polar moiety_ When suspended in water they associate 
xo produce a variety of supramolecular systems whose conformations depend upon 
past history, temperature, concentration, and the nature of the lipid molecules 
thcmxlves”. At physiological temperatures and excess water (Le., more added water 
does not altex the state of lipid) the prefixred co&xxuation is the &layer for uaturally- 
occurring mixtures and even for pure phospholipids. These bilayers exist as liquid- 
cxysM.& part&s formed from many concentric bilayer sheets (lamellae) with each 
shezt separated from its neighboring sheet by a layer of interstitial water1 l_ The 
particles do not coalesce when in contact with one another, and, like other liquid 
uy!5mEne system!& are birefiin~gent. 

The property of lipid bilayers which is particularly amezxxble to themzai 
analysis is a z-cversi%Ie, thermally-induced transition from an ordered crystalline-like 



state at low temperatures to a disordered finid state at higher temperatures (Fig- I)- 
It is not accompanied by a rearrangement of the bilayer to a different liquid-crystalline 
system- It is, iustead, a melting of the bilayers themselves, with the lame&r con- 
forma!ion couserved throughout the process- On a mokcular level it consists of a 
change in the lipid hydrocarbon chaius from a largely ail-trans conformation to a more 
disordered state, accompanied by a lateral e_xpansion and decrease in the thickness 
of the bilayer”- 

The melting temperatures are dependent upon the nature of the polar hydro- 
philic portion of the lipid mokcules and especially upon the nature of the hydrocarbon 
chains (Fig 2)_ Introduction of double bonds, for example, drastically reduce5 the 
transition temperature just as it does in fatty acids and pure hydrocarbons’3_ Since 
the lipid moiecules within the bilayer are free to di&se Iaterahy above the transition 
tem&xatnre, systems containing mixed lipids with different melting points produce 
broad transitions in which fractional crystallization cau occur in the plane of the 
bilayer’% 

Fig_ 2 DSC scans of phospholipids in excess watu. showing (a) dipabitoyi phosphatidyIethar,oIa- 
mine; (b> dimyriscoyi la&bin; (c) dipalmitoyl kcithin; (d) egg Itithin. Etbykne glycol =GS added to 
(d) as an antifraae The smaiIer, lower tcmpaatnre uprancIts” in (b) and (c) arc a &~cteriscic 
only of IccithilzS 

DSCAND THEiiMoTRopIC TRANSITIOXS IN BIOXEMBBANES 

Figure 3 shows a DSC study performed on Acholiqhsma laidhzcii. 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 occurringin the A. Zaidhcii membrane are common to the membraues of 
many other orgauisms. Two endotherms occur when scznning up in temperature- 
The iower-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 uuaffected by thermal protein denaturation, 



._. 
46 

enzymatic digsstio~ of the membranes, or epu bythe ab&nce of protein’“‘*. By 
Wogy with synthetic pbosphotipids it was s?ggestedE6 that the transition is 
esenti&Ey the same as the orderjdisordcr trzwition seen in phospholipids in water 
and as such con&uted direct edence of the presence of a bilayer. This inter- 
pretation was later confirmed by X-ray dif&ctio~~‘~. By comparison of heak of 
tmnsition of membranes with their extracted lipids, it was further suggested that 
9Of 10% of the membrane lipids exist in the bii conformation’b This estimate 
wa!s also later versed by other tecMques 1g*20. This demonstration of a phenomenon 
invohhg the aqxdve behavior of a majority of the membrane lipids meIting as a 
bilayer eliminated membrane models based on protein subunik with associate0 lipids, 
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The high temperatn~ endotherm obserwd in Fig_ 3 is irrewxsiile and arises 
from protein dcnatmation. Its position is invariant with fatty acid composition, even 
though the positioa of the rewcrsibIe lipid endotherm can be varied by as much as 
70°C (from -20 to +SO*c) by ca- A_ Ztzklhcii to incorporate diff&ent fatty 
acids into its membrane lipids_ The assignment of the second peak to inewrsi%Ie 
protein daWnration was made by cirahr dichroism2’, 

Although the initial importa;lce of .thermotropic &ansitions oCcuning in 
biological membranes was the insight they gave into the strucWe of the membrane 
matrix, more razent nsearch has emphasized their physiological impliczuions and has 
explored their use as a means oftmderstandirfg li@-pro65n associatiot2S22~ Fii 4 
S&OWS some represm*%tfive DSC scans of various biological membranesl Suchtransi_ 
tions occur over broad temperature ranges, starting and ending gradually. Alth&xgh 
spcctrosoopic and X-ray di&action teclmiqucs are very &&able in mxderstanding the 
molecular events which oamr during such tra&itiOns, their overall course is probably 
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Fi& 4. DSC scans of biibranc aansitiory aII obtained with 50% ubyIenc glycol as an anti- 
fiuze (A) A&&p&zsma Wdhmii membranes from cc& grown in tzyptase medium at 37°C; 

- _ ~M&70wceus~ mtmbtanes from cells grown in brain-heart-infusion at 37°C; (C) 
Es&+&u cc& K12 w9;(5 whok ceus grown in t!lhhaI salts with gIucose at 20-c; (D) same CCIIS 
as in (C), but samxd after thermal protein dcnaturation; (E) rat liver miamoxncs; (F) rat liver 
mltochonh In all c3scs 2 lower_* rcvusiiie lipid transition is foIlowed by 2 higher, 
temperatun~asi~~epmtcinpeak-Theproti-onpc2ksare featurdmin(A),(E), 
and~,bntshowfiacstmctmx in al). (c). and (D). unlike other orge. Ecoliafterhcating 
shows two lipid tfarritions and rcsidaal IWUX.MC protein denattnation seen in (D)- AII scans shown 
were obtained by 2 zmdi&d Pe&in-Ebner DSC-1 R 

best described by thermodynamic methods- Because of experimental constraints 
imposed by the system itsex, some therznodynamic parameters are not as readily 
mesurable as they are in more conventional materials_ But the heat of transition is 
an important parameter that can be rf2adiIy measuexi by difkrential scambg 
calorimetry A peak is recorded whose shape faithfully reflects the extent of the 
trasition as a fundion of temperature_ Since it is sensitive to very minor changes in 
the position and shapes of peaks, the scanning calorimeter is capably of descrii’bmg 
the thermal properties of biomembranes in richer detail than can be obtakd fkom 
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other methods_ Dilatometry, the measurement of volume change, is another therm+ 
dynamic method which has been applied to the problem. Its use to date has been 
restricted to only a few _-dies, but, as will be discussed it is potentially a valuable 
complemeut to calorimetry and in some cases can yieId’information not obtainable 
by calorimetry. 

Certainf~ 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 transition iu membrane bilayers is between 1 and lOcalg_* of 
membrane lipid; the enthalpy of denaturation of ribonuclease is about 7 cal g-l_ In 
comparison, the enthalpy of fusion of n-pa&l& is about 35 cal g-r_ Order/disorder 
tram&ions 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 Protein deuaturation often occurs at temperatures as 
high as 90°C plus The biolo&al materials themselves are often di&ult 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 pellet 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 
moIezular biological studies requires certain features: it should require small 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 meltiug temperature, the 
ability to perform downscans is very useful. No instrument commercially available 
adequately satisfies all these requirements. Adequate results have been obtained 
using a DSC o&red by DuPont which is fimdamentally 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 -iHE PERKIN-ELMER DSC-IB 

The modification and operation for biomembrane studies of the Perkin-Elmer 
DSC-IB has been descrii in detail elsewhere23*24_ The modifications have two 
aspec&z (I) modificatious to optimiz the signal-to-noise ratio at low temperatures; 
(2) modifications to allow the use of large samples. 

As rtzceived from the mauuf~, the DSC-IB is equipped for low-temper- 
ature work A Dewar flask GIled with liquid nitrogen or dry ice and alcohol is placed 
over the sample holders to provide a low-temperature heat sink. However, the sample 
aualyzr assembly containing the seusors 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 anaIyzer 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 @aIyzer 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., waII 
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 continuousIy 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 I6 I and is well agitated. 

Sample pm t&sign 
The presence of water in biological materials requires that the sample pans be 

sealed. Sealable pans are available from P&in-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 I5 fl is inadequate. For 
membrane samples, voIumes of 100 pI are often necessary; for whoIe cells 200 ~1 is 
desirable. The problem of pan design. which might be expected to be trivial, is in fact 
complicated by severaI factors. Pans must be of tow mass so that the heaters are not 
overloaded. They must present a minimum surface in order to minimize radiation. 
They must be easiiy and quickIy seaLi and just as easiIy opened to aIIow removal of 
the sample. They must withstand heating to about 100°C without leaking. ExceIIent 
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 typicalry is 0.175 in. (- IO0 pl volume). 
The lid is punched afuminium, and is in reality a Perkin-EImer 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 scaled with Eastman 9IO*, 
a cyanoacrylate adhesive. With these Iarge 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 l-2% Sepbadex G-200. Baseline 
curvature depends upon many factors, including the size, shape, and emissivity of the 
pans; and the mass, thermaI conductivities, and heat capacities of the sample and 
reference. Every effort should be made to match the sample and reference as closely 
as possr%Ie, but nevertheless curvature can never be completely eliminated. Re- 
maining curvature can be controIled by placing a spot of flat black paint (trial and 
error) on either the sampIe pan or reference pan to adjust emissivities. 

*Fastman Kodak Co., Rochester, N-Y. 
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With the above modification, and proper sample ha&hug and calorimeter 
operation=3*24, one can obtain excellent scans using lOO$ sampies with a scan rate 
of 5°cmiIl-’ at the instrument’s highest sensitivity setting of I meal set-*_ In- 
the scans are noiseIess euough to permit the maximum sensitivity of the calorimeter 
to be effe&iveIy doubled by setting the chart recorder to a 5 mV input instead of the 
soggest#f 10 mV input The scans of biomembrane transitions shown in Pig_ 4 were 
all obtaiued ou a modified DSC-IB. 

MODIFlCA’HON OF TZJE P- LSC-2 

In addition to the DSC-lB, Perkiu-EImer has developed a newer instrumcut, 
the DSC-2 According to the e this instrument is a co&Mie Smprovc+ 

mcut over the DSC-133 iu terms of facility of use, improved s&n&-tonoise ratio, 
rcductioil of basehue D choice of scan rates, and operation at subambieut 
tempemmres_ We have found that modifications sim3a.r to those descrii for the 
DSGIB are ~lccessary before the DSG2 can be used in its most sensitive mode” of 
0.1 meal set-l. 

Although the mod&d DSC-IB usiug lOO+l sampIe paus has about the same 
capacity to sense small thermal events as the modified DSC-2, the DSC-2 has certain 
de&rite advantages The m&i&d DSC-2 has adequate seusitivity for studying 
trar&ious In biomembraues and related pheuomeua usiug cornmercia 15-d sample 
paus. In comparison to the IOO-111 sampIe pans, use of the smaII pans not only 
requires Iess sampIe, but their smaher Size effectively elimina~ temperature gradients 
withiuthepansaudpoortimertspouse_Specimeuscaube scannedataratcof 

10°C I&I- *_ The small pans are more quickly and convcuientiy Ioaded than the 
large paus and have a smaller Iikehhood of Ieaking at higher temperatures_ For 
subambient operation the DSC-2 is used in conjunction with a dry box, which greatly 
spcccis up loading successive sampIes_ 

Ahhough the cnviroumcntal isolation of the DSC-2 is gnatIy improved com- 
pared to the DSGIB, it is uevertheless still not adequate for operation of the 
instrument on the more sensitive ranges_ In order to satisfactorily isolate the DSC-2 
detector from the environmenf two modifications must be made: improved thermal 
isolation and improved mechanical isoIation_ 

Lr low-tcmpcraturc operation, two types of cooling me&ax&us are commer- 
cialiy avaiJabkz (I) “intracook!rs”, a refrigeration unit coupled to au expansion 
chamber contained in a brass pIate which fastgns directly to the DSC-2 sample holder 
block; (2) a subambient accessory cousistiug of an aluminum cold Snger fastened to 
the sample holder block and immersed iu a reservoir of liquid uitrogen Although with 
neither of these accessories are the detectors adequately isolated thermally from the 
environment, the intracooIcrs are the least satisf&tory of the two_ 

In the DSC-2 the sample holders are symmetricahy mounted in an aIuminum 
block, when the intracooIer is instaTIed, a brass pIate is attached to the sample holder. 
This brass pIate has the expansion chamber of the r&igeration system asymmetrically 
located within it This arraugemcnt is a source of noise because the thermal 



fluctuations which contitmalIy occur within the plate are not averaged out before they 
are encountered by the hoIders. Additional noise occurs because the cfhciency of the 
smalI air-cooled refrigeration unit varies with ambient room tem_perature. This 
variance is readiIy detected on the more sensitive ranges. An attempt to improve the 
intracooler system by replacing the small air-cooled refrigeration unit with a Iarger 
water-cooled unit helped, but the resuhs were still not satisfactory. 

The coId finger with liquid nitrogen reservoir provided better resuhs than the 
unimproved inhacooIer 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 
nitro~n, a process both inconvenient and expen&e. Further, although the temper- 

ature of the heat sink shouId be sufEcient3y Iow, too large a difference between 
sampIe and heat sink introduces unnecessary baseline curvattxe. A 25°C differential 
is desirable. 

Since biomembranes frequentIy require scans be performed from about -40°C 
a heat sink maintained at -6SOC is more desirable than the -196OC of liquid 
nitrogen, 

In addition to inadequate thermal isoIation, the DSC-2 suffers from inadequate 
mechanical isolation of the calorimeter head. The aluminum block and attached coId 
source are suspended from the center of a tbin (approx. l/16 in.), non-reinforced, 
stainIess-steeI deck plate (22.5x 1915 in.). This arrangement of a heavy weight 
mounted in the center of a thin metal pIate tends to behave much Iike a drum head; 
a loud shout close to the metal deck causes a pen deffection. 

In view of the preceding difficuhies, certain modifications of the DSC-2 were 
carried out which ahow it to perform rapid, routine measutients tn its most 
sensitive range of 0.1 mcaI see-’ at scan rates of 10°C min-’ over a -35 to 100°C 
temperature range with Sat, noiseIess 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 
tiger (2 I/2 in. diameter and 5 l/2 in_ Ions) to form a new head assembly. This new 
head is mounted on the DSC-2 so that it remains continuahy submerged in a low 
temperature bath, but at the same time a.IIows immediate access to the sample hoIders_ 
The original metal deck was replaced with a I/2 in. thick Iinen-reinforced Iaminated 
phenoIic plate* which provides high mechanical strength plus very desirabIe 
. 
ms&ting qualities. An antechamber for the head is provided by a phenolic tube* 
(5 l/2 in. ht. x 6 in. 0-D. x 3/4 in. waII thickness) bohed underneath the deck. The 
head assembIy is mounted into the antechamber by bolting the phenolic tube to the 
brass subplate of the head. Each interface in the assembly is seaIed with Iow- 
temperature s&one O-rings-, and each interface in the heat train is coated with 
Wakefield Thermal Compound No. KU** to insure efficient heat conduction. 

*A.kk plasticr. Boston, Mass. 
Vrving B. Moonz Cap., Cambridge, Mass. 

make&Id Corp., Wakefkld, Mass. 
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Fig 5, schematic diagram of the modifkd portion of the Perkin-Ehncr DSC-2 The original thin 

mctaIdeck~~rrpIaccdbya~linmrrinfbraadLamicutedptatetow~undcrJide2splash 
ringisxnolm~-rhec2Iorinlucl head-Id fixwx assembly is immuscd in the low-can- bath, 
AphCIlOktXlbCprovldcs~2Xltrdramba forthesnbmerguihcarLThecoIdtanperaamcbathis 
shown wEth its cooling co& fbwdk&ng intanal qIin&r, dkpasing 
withscakdIowmn~ 

saan and stirring propelkr 
drivetrain 
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The cold finger and block assembly is cooled in a 15 gallon cyhndrrcal stainless 
steel tank (20 in. ht. by 15 in. diam.) containing I4 gahons of 70% ethylene glycol- 
water. Another stainkss steel cylinder (18 in. ht. by 10 in. diam.) is placed inside the 
tank (1 l/2 in. ciearance 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 ffow and preventvortex formation. The bottom 
of the tank is cquippcd with an 8 in. polycarbonate boat propeller and stajnkss steel 
drive 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 
tefion-coated asbestos fiber **. The stirring propeller is driven by a l/8 horsepower 
gearmotor (109 ratio), with speed adjustment (500 r-pm maximum) via a variabie 
voltage transformer, mounted underneath the tank and coupled to the drive shaft 
by a ffcxibfe thermally insulating urethane 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 instrIated 
with poured polyurethane insulation and mounted on a support table which is 
mechanicahy independent of the cabinet supporting the DSC-2 instrument. 

The bath contains about 4Oft of I/2& copper evaporating coils. The 
reftigeration system is driven by a 1 I/2 horsepower Americold compressor* with 
water-cooled condensers. The evaporator uses an automatic expansion valves 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 rcftigcrant used is Freon 502. 

The top of the box hoIding the refrigerated tank and the underside of the 
phenolic deck are covered with I/2 in. 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 surf&es are compressed together to seal the bath from the 
room environment. 

T’hc commercial PIexiglas dry box included with the subambient accessory is 
mounted on the phenoiic deck. EIectrical 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 empIoyedr a fast purge to the dry box, a slow purge to the 
ante&amber cavity, and a very uniform slow purge to the samp!e holders 
(20 ml min- ‘). Ultradry nitro,oe is requited for the holder purge and is obtained by 
passing the gas through a 36-in. column of P,Os . The efiluent from this dryer column 
passesviaapressure reducing diffuser plate to the sample holders and exits into the 

drybox- 

*Dixon Corp., BristoI, R L 
tiDcvcon Form Pack 1. Devcon. Corp.. Danvas, Mass. 

-Winfred M. Berg Iac, East F’ariway, N. Y. 
~Rlmdc Island Rcfrigaation Suppiy, Provi~ R I. 
&ngcr Model 204C, Control Co. of Am., Mihmka, Wa 
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An example of rest&s -obtaintxl king this modified DSC-2 is -&cn& in Fig 6. 
Th#c F mrc &brmed On a weisak~kcontai@ng_3 mg dry weight- 0f.i 
~~2S.22 WhoIti ce@ (wild-type W943, giouni itt 20°C-in B&I minimal medium) 
sq=kdai iIr5&50 es?lylcne gIyco&water. The-lower peak; centered:at about 5Oc, 

. 
cba=Mnsthelivingcelland occurs in the lipids of the plasma rncmb~c. P&i* 
the caIorimcler is not scan& above physioIogical tempektnrs, it ii seen to be 
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‘iriuisition arising &oi the l$id of E coli’s outer xnembnne, centered at about 25°C. 

The peak. remaikg in the nci@borhood of 60°C is reversiile protein denaturation, 
possibly -@sing from parGaIly re-annealed peptide- Subsequent beatings do not 
d=W~patttrn(Fig.W- 

MO&I syszms 
A model system that has been used extensively in biology for permeability 

stndics is produced by the prolongexl sonication of phospholipids in water. This 
process forms small (a few hundred A diameter), closed vesicles whose walls consist 

Fis 7. DSC sams of di*toyi Iccithin (A) rmsonie and (B) somicated at SOT for 5miq 
(C) 10 min. @j 21~@)gi In IJIISC~ lecithin the cbaractairtc ‘prcmdt” appear5 
asasm&lowa 



of a singie biIaye?_ The use of &se vesides as models for r&mbrane bilayers-is 
questionahIe since, most IikeIy due to their &naII raditi of c&ature1s~37,. the 
moIecuIar packing in these partides is different from the molecuIar packing in normaI 
lipid bllayers. The simihuity of the moIecuIar packing in -these partides. to’ the 
moIecuIar packing in Iipid biIayers was debated for about six years with arguments 
primarily based on Proton Magnetic -Rcsonax~~~. Use of DSC makes the dis- 
sfmllarlty obvious, 

Sonication drastically changes the nature of the melt seen in synthetic and 

=n=aIIY occuning lipids alike 15*Zz*Zg_ When a dispersion of Iecitbiu or natural 
lipids is converted to smaII vcsides, its large endotherm is Iowered in temperatnre, 
decreased in enthaIpy and entropy, and increased in width, This broadening of the 
transition is aIso seen by diIatomet.ty2’ and by fiuoresccnt probcs30~2q. The course 
of sonic&on can be followed by DSC and reveals the growth of a broad lower 
temperature endotherm characteristic of the sma.II vesicles at the expense of the 
higher-temperature cndothcrm associated with the unsonicated IameIIar phase (Fig. 7) 
Judged caIorimetricaIly, the conversion of the IameIIar 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 ohserved changes 
necessarily impIy a change in the organization of the phospholipid moIccuIcs upon 
sonication, Probably as a consequence of the abnormaI packing of lipids in sonicated 
vesicIes if heId below their transition temperature, they coafesce with time and their 
trausitions revert to those of unsonicated versicles. The insE3biIit-Y of this system 
below its transition iIIustrates the importance of being able to scan down in 
tcmptxature. 

Bionlembranes 
Temperature strongIy affects the fatty acid composition of membrane lipids in 

almost alI orgar&ms_ The melting points of fatty acids biosynthesizd or seIected from 
the growth medium for incorporation into membrane lipids decreases markedly with 
decreasing growth tempature. This response is required to maintain the membrane 
bilayer in a Iiquid state at any temperature 22 Although formation of membrane _ 
lipids is enzymatic, the temperature-responsive control of those fatty acids and hence 
the position of the membrane transition may not be euzymatic in nature_ In studies on 
A. l&%?&& DSC combined with standard biochemical techniques suggests that the 
temperature sensor and sekxtor of appropriate fatty acids is the lipid biIayer itself. 

AIiquots of c&s whose membrane transition was characterized by DSC 
(Fig. 8a) were incubated at various temperatures for a short Iength of time with a 
mixture of 14C-IabeIed pahnitic acid (“high-melter”) and 3H-IabeIed oleic acid 
(UIow-meItcr”), and the amounts of the two fatty acids incorporated into the 
membrane Iipids were measure& A plot (Fig. 8b) shows the resuIts: the pahnitatej 
OIeate ratio increasin g with temperature The shape of the me follows the membrane 
transition, which is a direct indication of the physiczd state of the membrane. In 
studies on protein-free lipid extmcts of A_ laidlmGii lipids (Fig &), the ratio of the 
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physical binding of these fatty acids to the lipid bllayers mimics the selective proazss 
in live aAs. 

This ability- to act as a temperature sensor and selector may be a general 
proper&y of any phosphoiipid bilayer. F@re 8d is a t.hermo_am of bilayers formed 
from? mixture of 20% egg lecithin in synthetic dipalmitoyl Iecithin, Iipids not found 
in the membrane of A. ZizidZ..ii. The same transition dependency of the binding of 
Yew-meltern to “high-melter.” is seen. 
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F?s 8. The biIayer as a temperature-sensing xlator of fatty acids. (a) Is a DSC scan of membmnes 
from A. fukfk~rcii grown at 37°C in uyptose The ratio of pahnitate co okate (P/O) taken up from 
the medium and cstcrikd to the membrane Iipids after shofi-time incubation at various temperatures 
is shown in (b). Physical binding of palmitatc and okate to protein-fire lipids is shown in (c). A 
mixture of dipzdmitoyi Iecithi~ and egg Iccithin (20%) produced the DSC SCZUI shou== in (a? and fatty 
acid binding auvc in (c). 

DmEREPrTIU SCANMXG DK.ATOMETRY 

The success of DSC in the study of biologicA membranes suggested that the 
complementary technique of diiatometry might be equally usefu1. DiIatometry is 
usually a very tedious procedure which often Iacks sensitivity or is restricted in 
appIicabiIity. For this reason a sensitive, automated differential scanning dilatometer 
@SD) has been constructed in our laboratory 3 ’ . This device cont.inuousIy determines 
the buoyant mass of bioIogicaI samples as small as afewmiIligrams, isothermaliyoras 
a function of temperature. As in any diEerexktial 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 fl and is capable of using a Iarge amount of 
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sampIe (IO ml ma&mm volume), it is very suited to measure the broad thermal 
events seen in biomembranes and other bioIogicaf materials_ 

The dilatometer employs the principle of buoyant density. The sample is 
contaiued within a submerged cell and is balanced by an identical reface cell. A 
Cahn recording ekctrobaIance* provides the sensor for the diIatometer, which appears 
schematically in Fig_ 9. Hanging the sample and reference cells from oppositeends 
of the beam., each equidistaut from the pivot, allows the balance to respond to the 

f 

diiikrence in mass between sample and reference rather thau to the absolute mass of 
either- If the component parts of the two cells and their suspension systems have 
identical masses, the &ctrobaIan~ feeds no signal to its associated recorder, 
Similarly, if both celIs are completeIy fiki with the same Liquid of density p and are 
ako suspended in the Ii@d that fik them, the same buoyant force is exerted on each, 
The recorder then remains at zero, regardks of the temperature or the nature of the 
snspendiug medium_ On the other hand, if a sampIe of &y mass m and apparent 
partial specific vohune 4 is dissolved in the liquid within the-sample cell but not 
within the reference cell, a mass of Ji@d m&p is displaced by the sample The ektra- 
bakmce con&m= to ignore the maSSeS of the sample and refkrence c&is and responds 
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only to the buoyant mass of the sample, given by 

mb=mtl-#d (0 

Providing the sample and reference cells are identical and the solvent inside and 
outside the &Is 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 pexfktIy matched, a basehnc 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 CoUtiUUOUS record of mb against temperature if the temperature dependence 
of the solvent density p is Imown. For water, this Iatter parameter exists in the 
pubhshed literature; for other buffers, it can be obtained from the &tome&r itself, 

4G9 = 
Cm-mbCOl 

CWUY 

affords the apparent partial specific volume (b(T) from 

(2) 

A computer facilitates calcukxting both (p(T) from eqn (2) and the coefficient of 
expansion x(T) according to eqn (3) 

The detailed construction of this instrument has been discussed elsewhere”. 
F&ue 9 ilhrstrates the basic components of the dUometer, and Fig_ 10 provides a 
detaihd view of the sampIe cell assembly_ The design and deveIopment of the DSD 
required that great care be taken to eliminate vibrations and non-uniformity of heat 
distribution_ 

The dikxtometer temperature and rate of temperature change are regulated by 
heaters controlkxi 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 pro grammed temperature &c&ted through 
copper tubes lining the brass water bath walls A system of timers and relays permits 
total automation for repeated up and do wnxans. 0utpats of the elcctrobalancc and 
sampIe temperature are monitored by a two-pen chart recorder_ 

Sizmpk preparation 
An extremely important consideration iu the dilatometer operation is the 

removal of dissolved gas. lbe volume changes invcstigatcdgeneraUylcad to changes 
in apparent mass of the order I-IO mg over a 50°C temperatrxre~ range_ If an air 
bubble of I nirn diameter were to form in or on the sample or reference ceII in the 
course of a run, its volume would be about 5.2 x IOV4 mL Since this volume represents 
a buoyant force of approximateIy O-5 mg, it is important that the system be thoroughly 



Fig_ IO_ Compictc asscmbIy of sampIe ceil, suspmiion wire_ and giass mbc, titb pm-ge tine in pIa.ccz 
(a) FyEJc tribe; (6) purge line; (c) pkstic insert; (a) tImg5t.al L5uspaltig wire; (e) InonofiIamalt 
r&on thread; (r) pIatia= hooks: (s) refumec or sample ceil; @) ccIh~Iose nitrate mbc; 0 poly- 
styxnc cap with neoprene O-ring and nyion WaIing screw- 

deacrzz initialiy and be prevented from reaerating during the course of a run. 
Loading the sampie and reference cells &x&ore rex@res these eelis, as well as their 
suspending liquid, be free of dissolved gas. In loading, the celIs are deaerated, ioaded 
with degassed sampIe suspension or buffer, and sealed under thoroughly d- 
water_ The ceils are then suspended in t&es of degasxd solvent (Fig_ IO) and the 
e&ret&e assembly is placed in a vaamm desiaxtor for a final deaeration. When the 
tubes are mounted on the diIatometer rack they are constantly purged with neon to 
prevent reaeration during a run and to carry away any vapors, thus preventing 
condensation on the suspension wires_ 

Dry rceight 
Using the DSD and above proczdures, the largest error in partial spezSc 

volume determinations was found to arise from dry weight determinations, The 
exact meaning of dry weight in mater%& as complicated as biological membbes is 
not at all cIear. In many biological preparations tightly bound water rtiay tibt be 
removed if drying is not sufliciently-vigorou but on the other hand harsh &&m&t 
can cause decomposition or loss of other matexials in addition to water. k order to 
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assure accnr;rcy and reproducibility, we have developed au apparatus that allows the 
sample mass to be monitored continuousIy under weII-defincd conditions of temper- 
ature and ~rcssurc~~_ It is based upon a design descrii in the literature”, but is 
modified to enable determinations to be made faster and more simply than the 
published design allows. 

Briefiy, a Cahu electrob&nce identical to the one used in the DSD is pIaced in 
a vacuum case having a long tube in which the sample pan hangs. A vacuum is 
maintained w’nile pressure is monitored on a chart rcqorder using a vacuum thermo- 
ampIe @II*_ Heat from an infrared lamp radiating through the tube wall heats a 
bhtckcncd sampIe pan in which the sampIe is contained. This pan is covered with a 
top having a small hole for the ezzape of vapor_ The arrangement allows heat to be 
transferred to the sample through conduction rather than radiation so that variations 
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 elcctrobalancc output to a chart recorder. 
Recordings can easily be made to + 1 pg iu the course of a dryiig, Temperature is 

Fig. II. Schematic diagram of dry we&N apparatus (a) vacuum case; @) emrobaIancc; (c) SampIe 
tube aaemblsi; cd) domcr; Cc) iaanlm ~npIe &angt; <t-l gronnde+cogJcr sixcal; cg) tan- 
- controIkr; (h) i&bred heating Iabp; 0 oven; @ metal sp+g; (k) allrminnm Support 
bars;(l)ontktt6trapandmamm ~p;(m)Maed;(n)~fetdthrongb;~~o)~ -. 
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monitored by a separate thermister probe mounted immediateIy under the-sampIe 
pan and cahbratcd with respect to the temperature on the inside waII of the sampIe 
contaiuer. 

The basic structure of the dry weight apparatus is shown in Fig. 1 I. The main 
vacuum case (a) is an 8 in. diameter PhzxigIas cylinder with 1 in. thick walls. The ends 
are closed by I in. thick PIexigIas sheet secured by bolts to a collar of the same plastic 
fused to the cylinder. Neoprene Orings in a machined groove provide a tight sea!_ 
Openings into the cylinder corresponding to the loop positions on the baIancc beam 
arc provided by 2 in. diameter acrylic tubes machined to fit snugIy into the main 
cyI.iuder wall into which they are fused_ Collars ma& fro.= PIcxiglas sheet arc f&cd 
to the outer ends of these outIets and grooved to receive Bn O-ring from a standard 
57 mm OD giass flat 5ge joiut Glass domes (a) fashioned from such joints seal 
these openings. The bottom dome encloses the stirrup pan from loop C of the 
ehzctrobaIauce, while those on top close ports which are not in use. One of the top 
domes has an inlet for the vacuum thermocouple gauge (e) which monitors pressure 
withinthecase. 

The vacuum case (a) and sample tube assembIy (c) are Iined with a grounded 

copper screen (f) which guards against potentially troublesome static charge. The 
C&.hu balance (b) is held fir&y in place in the vacuum case by a metal spring Q 
mounted on the top, and aIuminum bars (k) screwed to the bottom of its frame. A 
pIastic bafBe (0) is mounted over au 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 leads to a liquid 
nitrogen trap and vacuum pump. The other end of the joint(m) is a bIeed, and consists 
of a needle valve Ieadiug to a drying tube. An eIectrical f&-through (n) carries the 
wires for the balaucc, the ground, and the temperature controller probes. The sampIe 
tube assembly (c) fits into a hole in an oven (i) constructed of an insulated, tin plated 
sted CZLR endosing a 230 W mfmrcd heating Iamp @)_ T4e output of the lamp is 
controIIed by a full-wave phase-firing controller (g) whose sensor is within the sample 
tube -bly (c). 

Figure 12 is a detailed ilhrstration of the sampIe tube assembly. The tube itself 
(a) is made from two 14 cm lengths of 57 nun 0-D. glass 5ge joints. The grooved 
flanges of the upper and lower sections are joined at a neoprene O-ring (a) and 
supported by springs (k) attached to brass rings (j) cncircIing the glass tubes. These 
springs can be unhooked to permit easy removal of the bottom tube for access to the 
sample stirrup (e) which hangs from a long nichrome wire (c) suspcndcd from Ioop A 
of the ekfrobaknce, A conical piccc of thin aluminum sheet (a) insert& in the upper 
section of the sampIe tube assembIy acts as a heat deffector and is pierced by a 0.5 cm 
diametcrholetoachuitthehangiugwire 

The grounded copper screen of the vacuum case is continm m the sample 
tube ass&b& (b) with the front scction of the scrcenintheIower~LIcopenatthe. 
level of the stimrp (e). The sample pan (Q, which sits on the stirrup, is formed from 
alumiuum foil coated on one side with bIack ename1 paiut and oven cured at 180°C. 
Thesepansare25mmin~etrrandcanhoIdabout1.5ml.An~umfoillid(g) 
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Ej$ I2 sampfe albc ztsanbw (a) giass tube; (b) groundal aopper saxzen; <c) nicbrum= u&e; 
(dl hcaS dcllaxor; (c) cIcarobaIancc stirrap; (0 sample pan; (g) sampIc pan Iid; @) ncvprcnc O- 
ring; (3 brass rings; (k) springs; (I) sensor for temperature controller; (m) thcrzn&cr probe 

with a 1 mm hole iu its ceuter is placed over the sample pan during the run to protect 

the sampIe from radiaut heat and to support the calibrating weight during standard- 
ization of the instrument The temperature controIler probe (1) is positioned 
immediateIy to the side of the stirrup (e) and the temperature xnsor 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 sampIe containing about 5 to 

IO mg of mater% is pipetted into a previously tared sampIe dish and placed under 
slight vacuum in a desiocator over silica gel ovemight, All sampleshavebeen found 
to dq to a solid during this time without creeping over the edge of the dish_ The pan 
is then transferred to the sampIe stirrup using grounded met+ tweezers and covered 
with the lid. The sample tube assembly is dosed, the vacuum pump, is turned on, and 
the oven slid into pIaoa The temperature controller is activated while the recorder 
continuously traces the sample weight while heating in vacua, A final weight can be 
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takeu without returning the system to atiospheric pressure and temperatures 
stkldard operating conditions are 400 j4 pressure kd 105°C. When the weight has 
shown no change over a 20&n period, the sampIe is considered dry_ Most sampks 
reach equilibrium in less than 2 h- 

Dilatometer performance was tested with two well-defined staudards, a l-00% 

sohtion of KCI, and n-e&sane. For KCI, the standard deviation of the experimental 
poipts about a sixth-order curve fitted to the same points over the temperatme 
interval ef 0-50°C was O.GOOO7 mI g-’ or 0.02%31. Accuracy was estimated over 
the entire temperature range by comparing pubkhed v&es of 4 with the expi- 
mentai best-lit curve, T6e standard deviation for the difference was 0.0008 ml g-’ 
or 0.22% for 4 at 20°C. CoeBkients of expansion, obtained from the best-fit volume 
curves, are Iess accurate than the voiume measurements themseIves; errors of 2-3% 
couid be expected routinely. SimiIar results were obtained for neicosane. At 30% 
the experimental Q was 1.0756 compared to the Iiterature vaIue35 of l-0749_ The 
melting of this hydrocarbon at 35°C appeared expe!rimentaIIy as a 19-O% increase in 
volume, agreeing weII with the literature vafue 193%. 
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Fi& 14. IXIatomaric upscan of dipahitoyl k-kithin~ apparent partial specific volume versus 
tanpcfature- units of $5 arc milliliters per grimL 
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DiIatometer upscans of two proteins, bovine serum aIbumin and ovalbumin, 
are shown in Fig 13, For these measurements as weII as those to be dkussed below, 
about I00 mg dry weight of mate&I was run in deionized water_ For bovine serum 
aIbumin the c/j vs. Tcurve (a) is neariy linear. Native ovalbnmin, having a higher t#~ 
than bovine semm albumin, exhibits a volume increase upon thermal denaturation (I$_ 
Both # and a are greater for denaturated ovalbumin (c) than for the native protein, 

Figure 14 is an upscan of L-z-dipahuitoyl Iecithin @PL). A thermogram of 
this lipid is shown in Fig_ 2b_ Both the chain meIt of the lecithin biIayer at 41 _S”C and 
the premeIt at 35°C can easily be seen, In downseans the premelt is dispIaced down 
in temperatum by several degrees, a phenomenon ako observed by DSC The volume 
change through the transition is 3.5%. 

Figure 15 shows upscans of two membranes; (a) A. ZmXmii and (b) myehn 
prepared from calf brain_ In A_ iaicamoii the membrane transition is seen as a 2.1% 
increase in vohune, The smaII concavity seen in the curve from 4O-50°C is most 
likely protein denaturation, Since the membrane of A_ lizM&cE is about 50% lipid 
andGO% protein,itspartialspecific voiumeisintermediateinvaluebetweenthatof 
lipid and protein, The higher 4 of myelin re&cts its high (ct. 80%) Iipid content. 

No transition is seen in myelin due to its high content of choIesteroI, which 
allows Mayers to exist over a wide temperature range in a semi-fhiid state without 
undergoing a transitiontz_ The concavity observed from 35 to 47°C is weI.I above 
noise la-e1 and is reproducible. 

An additionai example of the appkation of DSD to biology will be given in 
the last portion of this paper, It should be noted now, however, that the d&tome& 
frequentIy reveaIs detaiIs in thermal profiles which cannot be detected in the DSC 
(and vice versa), so that the two methods complement each other niceIy_ And unlike 
DSc~ the dikxtometer gives a unique and characteristic curve for every substance_ 

An ongoing study of the human serum lipoproteins iIhHrat.es the advantages 
of approaches which integrate several different but compIernentary thermoanaIytkal 
methods_ The serum lipoproteins, which constitute a nlajorcomponent of blood 
plasma, are particks consisting of lipids solubiked by association with proteins36. 
Xeither the state of the lipids within the particks nor the mode of association of the 
Iipids with the proteins is weII understood. Their primary fnnction seems to be the 
transport and exhange of Iipids, and from tie to time they have been suggested to 
play a role in arteriosclerosis_ They are usu2Uy divided into four majorc!aszs 

defined by density ranges (chyIomicrons, very Iow $ensity, low density, and high 
density} which are usuaIIy isohrted by uItraeentrif&aI ffotation in bufkrs whose 

__ 
densmes are adjastta by adding sak With the exception of some overIap~ between 
chy1omicron.s and the very low density lipoproteins, cIasses havechamckktic 
ffotationaZ coe&iertts and are distinct from one another. The exact lipid composition 
of each cIass varies from sampIe to sampk but for each; it falls within a specisc range 
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chracteristic of the class, SmilarIy, although the protein composition of each class is 
h&erogeneous 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 sernm lipoproteins, we are concefned with only two, the 
low density Iipoproteins (LDL) and the high density lipoproteins @IDE.). Both of 
these classes are structuralIy more interesting and present a more challenging problem 
than the chylomicrons or the very Iow density Iipoproteins, which appear to be 
essentially fat droplets. The LDL contain about 25% protein, and 75% lipid con- 
sistiag of phosphatides, cholesteryl esters, cholesterol, and triglycerides. IThe. HDL 
consist of approximately equal amounts of protein and lipid_ The iipid of HDL has a 
higher proportion of phosphatides and a Iower choksteryl ester component than the 
lipid of LDL. Except for fatty streaks in arterial walls, the high cholesteryi ester 
content characteristic of the LDL and HDL is not found elsewhere in bioloa_ 

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 mobile3’_ The helical content of both the HDL axd 
the LDL is appreciabIe, and the secondary conformation of their proteins appears to 
be more temperature Iabiie than that of most other proteins3-0_ Both spectroscopic 
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Fs 16. DSC scans of human IowdaGty scmm lipoproteins <a) in their native state before tbamai 
prot&udelu- - - II and @a) after pnxcin, dcnamrafion,~ and of hv.uxmn high4alsitysa7xmlipo- 
proteins (c) before and (d) after protein dam-n. Thescans diffcrcomidaably. the LDLshowing 
a low-taupm&fc peak arising fmm a Iipid transition and irmvasiiIe protein daamztiou, but the 
HDLshowingnoiipidpcakand rcvusiile protein dalae &wsampIcswcrcdissolvedill 
~ha&abb&k.redsakcatpH7,4andscamtai atI0%pcrminaE 
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‘and chemical evidence suggest that much of the protein and the polar ends of the 
phosphatide molecules are accessrble to solvent, a conclusion eonsistem 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 
moleeules and peripheral protein, although recent X-ray difiiaction studies have been 
interpreted to suggest the presence of a lipid bilayer and a central core of protein4’. 

The thermal profiles of the LDL and the HDL, shown in Fig. 16, differ 
considerably from each other. Both reveal some -unexpected features. A reversr~le 
tram&ion occursin the LDL, centered at about IYC, which is unaffected by thermal 
protein denaturation. The protein peak at about 7O”C, is irreversrble. SuperficialIy, 
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 
extmct& chohzsteryl esters (probably the nematic/isotropic transition) rather than 
with the temperature expected for phospholipid bilayers**_ No separate lipid biiayer 
tmnsition can be detected. Ifthe observed reversrble 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 Iocation is in the core of the particle_ 

No reversible Iipid transition, Corn 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 large enough to melt is not present Careful determinations 
of the heat of the lipid transition seen iu the LDL should enable us to determine the 
percentage of the chohzstery1 esters in the LDL which contribute to the peak If all 
contribute, the LDL and FLDL may represent quite different structures, but if only 
halfcontribute, the thermahy inactivehalfmayexistinthesamestateinbothlipo- 
proteins. The proteins in the LDL and HDL also appear to behave quite diRerentIy_ 
As pointed out, protein Wtion in the LDL is irreversible, as it is in many other 
pro*&, and the protein peak disappeaxs a&r the sample is heated to high temper- 
atures. Iu the HDL, on the other hand, a large reversible protein peak remains after 
heating but occnrs at a lower temperature than in the native mate&l_ The major 
proteins in the HDL and LDL differ chemicahy~ and DSC studies of the lipid-free 
apolipoproteins from both classes should clarify whether the pecnhar denatnration 
profile in the HDL is charaderistic of thz 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 rEpid peak occurs at a slightly higher temperature- 

The protein peak is unchanged, DilGrent donors gave the two-samples, and the 
dkrepancy is a result of difkrent fatty acid compositions_ Th? general tempexziture 
conrse of the apparent partial specific volume is as expectedz there is a nearly linear 
increasewithtempemtuu& similar to that Observed in o&r proteins (seem fig. 13) 
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Fis 17. calorimetry, dilatomctxy, and ciradar dichroism of human Io~-density serum lipoproteins- 
The DSC scans of (a) native and (bj hcat-dcnaturcd materials arc cssentiaIiy the same as shoan in 
Fig. 16. The sampIe is from a difkmt donor, and the slightly clcvatcd lipid transition temperatnn 
rdiccts a change in fatty acid composition. fine structure in the curve of apparent partial spccifk 
vohme (c) may arise from protcin conformation changes not dctccWd by the DSC CD does in 

fact indicate (d) such changes do occur- The small U;;g&s in DSC scans (a) and (b) are instrumental 
noise. The wiggi~ in DSD scan (c) arc wdI above background noise and arc reproducible- 
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Fis 18- calorimetw. diiatomctry, and circular dichroism of hmnan high-density scrmn lipoproteins. 
The DSC scans, shown carlicr in Fig 15 are of (a) native and (b) heat- mate&k-The 
thermal bchaviour of the apparent partial spa& vohune (c) differs considerably from that of the 
LDL, and suggests a glas transki- CD again indicates (a) that minor protein wnformational 
changcsoaxqbutarenot daeacd by DSC, Mow the tempera- of major protein titu@ion- 



The decrease in sIope at the upper end of the curve may indicate the completion of the 
lipid melt, as it does in A_ Z-ii shown in Fig- ISa If this is true, much of the 
volume change up to 35°C may arise from the choksteryl ester transition; additional 
diIatometer seaus to higher temperatures are necessary, Superimposed upon the 
curve are several small inficctions which could refIect minor lipid transitions but 
more I&Iy arise from protein transitions_ The CD curve verif+s that such transitions 
in secondary protein conformation do indeed occzlc at temperatures below those 
O&iMd~ associated with protein denaturation_ CD studies of LDL of varying fatty 
acid composition, and hence varying choIcstery1 cstcr transitions, wiII determine 
whether the protein conformation changes are independent of the lipid transition. 

Like the DSC scans, the diIatometer 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 sine none is seen in the DSC Such behavior, 
a sharp discontinuity in the cocfIicient of expansion, has not been seen in other systems 
and is strcmgIy reminiscent of a glass transition- The presence of a glass tra&tion 
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 18~ Both the diIa- 
tometry and the CD were carried out under ncar-equiIibrium conditions, with very 
slow heating and cooling, while thcrmaI cycling was rapid in the DSC (10°C per 
miuute). Since &us tram&ion 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 reveaIed by CD to be thermally labile at temperatures below massive 
dcnaturation., ahhough the changes are not as pronounced as they are in the LDL 

Although the results described here are preliminary and are included IargeIy to 
ihustrate the value of a thennoanalytical approach to biological problems, a con- 
sistent interpretation seems to be emerging In contrast to previous results obtained 
by isothez-mal measurements, thermuanalytka1 methods strongly suggest that the 
LDL and HDL are fundamentahy quite different particles If these first impressions 
arc sustained by subsequent work, the different physical properties could imply 
diffixeut biologic4 roIes_ 
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