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Phase Transition and Crystal Structure of the 
37°C Form of Cholesterol 

Abstract. Crystalline cholesterol undergoes a phase transition a few degrees below 
human body temperature. The high-temperature form has an unusually complex 
structure with 16 independent molecules. In the transition two molecules change side 
chain conformation, four reorient about their long axes, and ten remain unchanged. 
The transition mechanism implies relatively nonspecific intermolecular interactions, 
qualitatively consistent with the behavior of cholesterol in biomembranes. The 
transition preserves a remarkably closely obeyed pseudosymmetry present in the 
structure. 

The reversible phase transition in 
crystalline anhydrous cholesterol, first 
reported in 1965, has been the subject of 
numerous studies by thermochemical, 
powder x-ray crystallographic, and nu- 
clear magnetic resonance (NMR) meth- 
ods (1-4). The transition temperature 
31.60 * O.l°C was determined for single 
crystals of cholesterol (3); the transition 
enthalpy is 0.69 kcallmole (4). In earlier 
studies the monohydrate was reported to 
be the only form present in biological 
deposits of crystalline cholesterol, such 
as gallstones and atherosclerotic plaques 
(5). Recently, however, the phase transi- 
tion was detected in freshly removed 
human gallstones by means of differen- 
tial scanning calorimetry (4). This indi- 
cates that the anhydrous form of choles- 
terol is present in gallstones in addition 
to the cholesterol monohydrate, which 
does not exhibit a transition. A suggest- 
ed relation between the phase transition 
and the apparent dependence of athero- 
sclerosis on species body temperature 
(6, 7) remains unsupported in the ab- 
sence of evidence that the anhydrous 
form of cholesterol is present in athero- 
sclerotic deposits. 

The calorimetric and NMR data have 
been taken to indicate that the phase 
transition involves a change in the pack- 
ing of the side chain methyl groups (2) or 
other rearrangement or onset of disorder 
in the side chains (7, 8). The strong 
influence of cholesterol content on the 
gel-liquid crystal phase transitions of lip- 
id bilayers and membranes has been 
qualitatively ascribed to the lateral pack- 
ing requirements of rigid steroid skele- 

tons and flexible hydrocarbon chains (9- 
12). To our knowledge, no crystals have 
yet been prepared of mixed (or stoichio- 
metric, if such exist) phospholipid-cho- 
lesterol systems, but the packing of ste- 
roid nuclei by themselves and with inter- 
digitating hydrocarbon chains in crystals 
of cholesterol derivatives has been con- 
sidered a possible model for biological 
bilayers (13). 

Crystals of the body-temperature form 
grown from 1,4-dioxane solution by slow 
evaporation at 37°C were mounted, 
transferred, and examined on the diffrac- 
tometer while maintained at 37" t 1°C. 
Data were collected to a resolution of 
0.97 A (deviation of diffracted beam from 
direct beam = 28 5 105"). The crystals 
belong to the triclinic space group P1 and 
have a remarkably large unit cell con- 
taining 16 independent cholesterol mole- 
cules, compared to 8 in the room-tem- 
perature (25°C) cell (14). The 37°C cell is 
formed from the 25°C cell by a doubling 
of the a axis. Lattice parameters are 
given in Table 1. 

The structure solution was initiated 
with an assumed model consisting of 
two copies of the 25°C structure placed 
in the 37°C cell and translated by a12 
relative to one another. This model was 
first refined against data for only even 
values of the index h,  using a restrained 
rigid-body refinement program employ- 
ing the Gauss-Seidel least-squares algo- 
rithm, in which the calculated structure 
factors are updated after each shift of a 
rigid group of atoms (15). The refinement 
resulted in considerable rotation of sev- 
eral molecules about their long axes. 

Table 1. Comparison of unit cell parameters (19) of cholesterol above and below the 31.6"C 
phase transition. 

Tern- Unit cell axes (A) Unit cell angles (deg) 
pera- P (g 
ture 

a b c a. P Y 
~ m - ~ )  

("C) 

-- - 

*Reduced 37°C cell, whose lattice parameters are related to the reduced 25°C cell by the approximate 
relations a3, = 2a2,, b,! = a>, + b2. and ci, = c2~.  'Nonstandard 37°C cell, used in Fig. I ,  related to the 
25°C cell by an approximate doubllng of a.  $Reduced 25°C cell (14) shown for comparison. 
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Further refinement against all data, first The 37°C and room-temperature struc- form a corrugated sheet parallel to the ac 
by restrained-group and ultimately by tures (Fig. 1) resemble each other in plane. 
anisotropic block diagonal methods, overall arrangement of molecules, with In going from the room-temperature to 
gave a value of 0.080 for the agreement alternating hydrophobic and hydrophilic the body-temperature phase, molecules 
index R for the 18,047 measured reflec- layers. The hydrogen bonding pattern is A1 and E2 turn by 157" about their long 
tions. The final model included the hy- the same in the two structures. In both, molecular axes, while A2 and E l ,  which 
drogen atoms bonded to carbon, in cal- the molecules are linked by hydrogen in the room-temperature phase are trans- 
culated positions. bonds into chains along c; these chains lationally related to A1 and E2, remain 

Fig. 1. One unit cell of the 37°C structure (top) compared to two cells of the 25°C structure (bottom). Each middle diagram is a view along the c 
axis. For ease of comparison a nonstandard cell frame is used for the 37°C structure (Table 1). End views of the left (right) half of each structure, 
with side chains omitted, are shown on the left (right) of the c-axis views. Atoms are plotted as 25 percent probability ellipsoids. Symmetry axes 
shown are noncrystallographic, pseudo-screw axes. Molecules denoted A, . . . , H in the 25°C structure correspond to A l ,  A2, . . . , H I ,  H2 in 
the 37°C form. 
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essentially unchanged. Similarly, B1 and 
F2  turn by 87", while B2 and F1 remain 

symmetry is preserved in the transition, 
while every other one is destroyed. The 
preserved axes are very closely obeyed. 
A rotation of 180.3" about an axis a t  the 
center of the diagram (Fig. 1, top), al- 
most parallel to c, accompanied by a 
translation of approximately c14 super- 
poses the 224 atoms of the left half of 
the cell (molecules B1, A l ,  . . . , D2, C2) 
onto the right half (molecules F2, E2, 
. . . , HI ,  GI)  with a mean atom-atom 
misfit of only 0.3 A, side chains includ- 
ed. 

LEH-YEH HSU 
C. E .  NORDMAN 
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unchanged. The rest of the molecules, 
including the pairs C, D, G, and H,  are 
essentially unaffected, none exhibiting 
rotation of the steroid nucleus by more 
than 4". There is little change in any of 
the side chains, except those of C2 and 
G I ,  whose conformation changes from 
gauche-trans to the energetically more 
stable (16) trans-trans and whose termi- 
nal isopropyl groups become disordered. 

The mechanism of the transition can 
be understood by considering intermo- 
lecular packing contacts made by the 
rotated and unrotated molecules and by 
the side chains of molecules C and G ,  
Molecule C in the room-temperature and 
C1 in the body-temperature form have 
the energetically unfavorable gauche- 
trans side chain conformation. 'This is a 
consequence of crowding by their neigh- 
bor molecules B, notably by the methyl 
group (C21) at the base of the side chain 
(Fig. 1). Rotation of B1 allows the side 
chain of C2 to extend to trans-trans. 
However, the rotated B1 interferes with 
molecule A in its room-temperature ori- 
entation; this interference is, in turn, 
relieved by the rotation of A l .  Of the 
eight possible combinations for the three 
molecules: 
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High-Efficiency Ligation and Recombination of 
DNA Fragments by Vertebrate Cells 

C: gauche-trans (Cl)  o r  
trans-trans (C2) Abstract. DNA-mediated gene transfer (transfection) is used to  introduce specijic 

genes into vertebrate cells. Events soon after transfection were quantitatively 
analyzed by determining the infectivity of the D N A  from an avian retrovirus and of 
mixtures of subgenomic fragments of this D N A .  The limiting step of  transfection 
with two D N A  molecules is the uptake by a single cell of both D N A ' s  in a biologically 
active state. Transjected cells mediate ligation and recombination of physically 
unlinked D N A ' s  at nearly 100 percent eficiency. 

B: rotated (Bl) or unrotated (B2) 

A: rotated (Al) or unrotated (A2) 

only the two actually present, namely 
C1, B2, A2 and C2, B1, A l ,  give accept- 
able intermolecular packing. It is note- 
worthy that neither combination inter- 
feres with molecule D,  which explains Studies of stable transformants after than 1 percent of all cells) (6). The num- 

ber of cells receiving both DNA's, and 
thus the efficiency of cell-mediated join- 
ing of input DNA's, was not determined. 

why this molecule remains unaffected. 
By the pseudosymmetry present in the 
structure (see below), the same mecha- 
nism applies to  molecules G, F, and E .  
The ability of molecules to  turn about 
their long axes without disrupting the 

specific genes have been introduced into 
cells have shown that physically un- 
linked DNA's can be transferred into the 
same cell and become physically linked 
to one another (I). Studies of DNA soon 
after transformation show that intramo- 

We have carried out experiments de- 
signed to determine the efficiency of cell- 
mediated joining of DNA's and the limit- 

overall crystalline packing and the multi- 
tude of different lateral packing contacts 
exhibited by the steroid nuclei (Fig. 1, 
end views) support a biomembrane mod- 

lecular blunt-end ligation is as  efficient as  
intramolecular homologous cohesive- 
end ligation (2) and that the efficiency of 

ing step of cotransfection experiments. 
Our results show that cells physically 
join unlinked DNA's at close to 100 

intramolecular cohesive-end ligation is percent efficiency and that the limiting 
step of cotransfection is the ability of a 
single cell to take up both DNA's in a 

el involving random, relatively nonspe- 
cific lateral interactions (9). 

approximately 10 percent (3). 
When two DNA molecules are used in 

Closely obeyed rotational or transla- DNA-mediated gene transfer (transfec- 
tion) experiments, intermolecular liga- 
tion and recombination can occur. In 

biologically active state. 
For cotransfection experiments, we 

used mixtures of subgenomic DNA 
tional pseudosymmetry exists in the 
crystal structure of the anhydrous room- 

studies af transfection with two overlap- 
ping SV40 DNA fragments, the infectiv- 
ity of the two fragments was 0.1 percent 
(4), or 1 percent (5) of the infectivity of 
circular SV40 DNA. After transfection 
of cells with both SV40 DNA and an 
unrelated, physically unlinked DNA, re- 
combination occurred in 1 percent of the 
cells that replicated SV40 DNA (less 

temperature form (14), as  well as  in the 
monohydrate (17) and the hemiethaqol- 
ate (18) of cholesterol. The molecular 

clones from spleen necrosis virus (SNV) 
and looked for production of infectious 
virus. Spleen necrosis virus is an avian 

reorientations and the onset of side chain 
disorder in the phase transition are all 
related by one set of twofold pseudo- 

retrovirus that is highly pathogenic in 
vivo (7). In cell culture SNV causes cell 
death during acute infection (a), although 

screw axes present in the anhydrous some cells survive and multiply while 
continuing to produce virus (9). The in- 
troduction of SNV DNA into susceptible 

room-temperature form (Fig. 1) .  The re- 
sult is that every other axis of pseudo- 




