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ABSTRACT

Treatment of mice and rats with the adrenal steroid, dehydroepian-
drosterone (DHEA), protects against spontaneous and chemically in
duced tumors. The mechanism of the chemopreventive action of DHEA,
however, remains uncertain. DHEA has been reported to inhibit choles
terol biosynthesis. Mevalonic acid constitutes the basic precursor not
only for cholesterol but also for a variety of nonsterol isoprenoids involved
in cell growth. Certain of these nonsterol isoprenoids are utilized for
posttranslational modification of proteins including p21r>1.We therefore
investigated the effects of DHEA upon protein isoprenylation. Twenty-
four-h exposure of HT-29 SF human colonie adenocarcinoma cells to SO
/JM DHEA was associated with significant incorporation of products of
|'H|mevalonate metabolism into several size classes of cellular proteins.

The pattern of incorporation was similar to that obtained after treatment
with 25 /iM lovastatin, a specific 3-hydroxy-3-methyl-glutaryl-CoA re-
ductase inhibitor. Very little incorporation of label from [JH|mevalonate
was observed in untreated cells. This suggests that |3H|mevalonate gains

entrance to isoprenylation sites after treatment with DHEA or lovastatin
because of depletion of endogenous mevalonate and subsequent inhibition
of protein isoprenylation. Isoprenylation plays a critical role in promoting
the association of p21â„¢with the cell membrane. Posttranslational proc
essing and membrane association of p21r" were both found to be inhibited

by DHEA. Thus, it is possible that the inhibition of Â¡soprenylationof
pii1"" and other cellular proteins by DHEA may contribute to its anti-

cancer effects.

INTRODUCTION

DHEA1 is a naturally occurring steroid secreted by the ad

renal cortex with apparent chemoprotective properties in ani
mal models of tumorigenesis (1, 2). In humans, DHEA serum
levels decline markedly with advancing age after peaking in the
third decade of life (3, 4). Low serum levels of DHEA have
been correlated with an increased risk of developing breast
cancer in women (5) or bladder cancer in either sex (6). Admin
istration of DHEA to animals has been found to be protective
in a variety of experimental carcinogenesis regimens, e.g., in
the colon (7), lung (8, 9), liver (9-11), pancreas (12), and breast
(13). These results suggest that DHEA has significant chemo
preventive efficacy, albeit of unknown mechanism of action.

Cholesterol biosynthesis has been reported to be inhibited
following DHEA treatment (14, 15). Mevalonate occupies a
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central position as a precursor not only for cholesterolgenesis
but for the synthesis of other isoprenoid compounds as well.
Two of these nonsterol metabolites of mevalonate are farnesyl-
PPj and geranylgeranyl-PPj, which are utilized for posttransla
tional modification of cellular proteins (reviewed in Ref. 16).
The isoprenylation of proteins including nuclear lamins, het-
erotrimeric G-proteins, p21ra", and other small GTP-binding

proteins is dependent upon mevalonate availability and can be
inhibited by HMG-CoA reducÃaseinhibitors such as lovastatin
(16-20). The family of ras proteins is currently receiving a great
deal of attention because mutation or overexpression of mem
bers of this family is associated with the development of a
variety of human tumors, including colonie adenocarcinoma
(21, 22). The localization of p21ras to the plasma membrane is

a critical requirement for ras function (23). Isoprenylation is
the first step in a series of posttranslational processing events
promoting the stable association of ras protein with the cell
membrane (24-26). Inhibition of mevalonate synthesis, e.g., by
exposure of cells to lovastatin, results in accumulation of non-
isoprenylated pro-p21r"s precursor in the cytosol and loss of

transforming activity of oncogenic ras proteins (27, 28).
In the present study we provide evidence that in vitro exposure

of HT-29 SF human colonie adenocarcinoma cells to growth-
inhibiting concentrations of DHEA leads to depletion of intra-
cellular mevalonate pools and subsequent inhibition of protein
isoprenylation. Furthermore, we report the inhibition of post
translational processing and membrane association of p21ras by

DHEA. This effect on protein isoprenylation represents a pos
sible molecular mechanism by which DHEA may exert some
portion of its anticancer activity.

MATERIALS AND METHODS

Materials. R-[5-'H]Mevalonic acid (30 Ci/mmol), L-[15S]methionine

(800 Ci/mmol), and Ras 11 anti-ras p21 (pan) antibody were purchased
from Du Pont-New England Nuclear (Boston, MA). '4C-methylated

protein molecular weight markers were purchased from Amersham
(Arlington Heights, IL). DHEA was purchased from AKZO (Basel,
Switzerland). DHEA was dissolved in dimethyl sulfoxide and stored as
20 mM stock at -20Â°C until use. Lovastatin was a kind gift from A.

W. Alberts (Merck, Sharp and Dohme Research Pharmaceuticals,
Rahway, NJ). Lovastatin (mevinolin) was prepared as previously de
scribed (29) and stored as 10 m\i stock in dimethyl sulfoxide at â€”¿�20Â°C.

HT-29 human colonie adenocarcinoma cells were purchased from the
American Type Culture Collection (Rockville, MD). PC-1 serum-free
culture medium was purchased from Ventrex (Portland, ME), and
Dulbecco's modified Eagle's medium without i.-methionine was ob

tained from Gibco Laboratories (Grand Island, NY). Rabbit anti-mouse
IgG antibody and fixed Staphylococcus aureus Cowan I were purchased
from Sigma Chemical Co. (St. Louis, MO). The scintillation cocktail
used was EcoLite (+) from ICN Biomedicals (Irvine, CA).

Cell Culture. HT-29 SF cells represent a subline of HT-29 cells
adapted in our laboratory for growth in completely defined serum-free
PC-1 medium. Cells were grown in log phase at 37Â°Cin a humidified
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atmosphere containing 5% CO2. Under these conditions the doubling
time for HT-29 SF cells was 24 h.

Growth Inhibition Assay. On day 0, cells were trypsinized, and IO4
cells were plated/60-mm dish in quintuplicate. On day 2, cells were
given fresh medium containing either DHEA or lovastatin at concen
trations of 0, 5, 25, or 50 pM. Twenty-four h later, the drugs were
removed and fresh medium was added. Cells were subsequently allowed
to grow until colonies formed. After Giemsa staining the number of
colonies of varying size was determined at levels of discrimination of
0.0, 0.2, and 0.4 mm using an Artek model 880 automated colony
counter (Farmingdale, NY). By comparing differences in colony diam
eter, the effects of treatment conditions upon cell growth were
quantitated.

Incorporation of |3H|Mevalonate into Cellular Proteins. HT-29 SF
cells were plated at a density of 2.5 x 106/100-mm dish. After 2 days

cells received either 50 Â¿IMDHEA, 25 MMlovastatin, or no treatment
for 24 h. Labeling with [3H]mevalonate (82 /Â¿Ci/ml)was carried out in
4 ml of PC-1 medium during the final 12 h of treatment. Cells were
subsequently washed twice with ice-cold phosphate-buffered saline and
lysed on ice in detergent buffer containing 1% Triton X-100,1 % sodium
deoxycholate, 0.1% SDS, 150 mivi NaCl, 25 IHMTris (pH 7.4), 1 UM
pepstatin, l HIMphenylmethylsulfonyl fluoride, and 2 Mg/ml aprotinin
(30). After sonication, debris was removed by centrifugation at 100,000
x g for 30 min at 4Â°C.Protein concentrations were determined by the

Bradford reaction (Bio-Rad, Richmond, CA). Equal protein amounts
(200 Mg)of each sample were subjected to 12.5% SDS-PAGE (31). For
quantitative analysis, lanes of interest were sliced into I mm fractions
with an electrical gel slicer (model 195; Bio-Rad). Gel slices were placed
into individual scintillation vials and solubili/ed (32). Scintillation
cocktail was added, and radioactivity was determined using a liquid
scintillation spectrometer (Tri-Carb 2200CA; Packard, Downers
Grove, IL). The incorporation of radioactivity was expressed as dpm/
gel fraction.

Triton X-1I4 Phase Partitioning of Cell Lysates and Immunoprecipi-
tation of p21"s. HT-29 SF cell culture and drug treatments were
performed as indicated above. Labeling with ["SJmethionine (10 pC\/
ml) was carried out in 4 ml of methionine-free Dulbecco's modified
Eagle's medium during the final 4 h of DHEA or lovastatin exposure.

Cells were subsequently washed twice with ice-cold phoshate-buffered
saline and lysed on ice in Triton X-l 14 lysis buffer (1% Triton X-l 14,
150 mM NaCI, 25 mM Tris, pH 7.4, and proteinase inhibitors as above).
After sonication, insoluble material was removed by centrifugation at
100,000 x g for 30 min at 4Â°C.The supernatants were transferred into
new tubes and phase separated (33). Briefly, after warming at 37Â°Cfor

2 min, the turbid solution was centrifuged at 3,000 x g for 5 min at
room temperature to yield an upper detergent-depleted phase and a
lower detergent-enriched phase. Aliquots of each phase containing IO6
trichloroacetic acid-precipitable cpm were immunoprecipitated with 10
Mgof mouse monoclonal antibody Ras 11. Following 2 h of incubation
with Ras 11 antibody, rabbit anti-mouse IgG antibody was added, and
after an additional 1-h incubation, immune complexes were collected
using 100 n\ of a 10% suspension of fixed S. aureus Cowan I. Immu-
noprecipitable material was washed three times with Triton X-l 14 lysis
buffer and twice with Tris-buffered saline, boiled in 50 Â¡i\SDS sample
buffer, and subjected to 15% SDS-PAGE. After soaking in fluoro-
graphic enhancer (Amplify; Amersham), gels were exposed to X-Omat
AR film for 4 days. Densitometry was performed on the developed film
using a scanning densitometer (GS-300; Hoefer, San Francisco, CA).

Subcellular Fractionation and Western Blotting of p21â„¢s.HT-29 SF

cells were cultured as above. After 24 h of exposure to 50 MMDHEA,
cells were washed with phosphate-buffered saline and subsequently
scraped into hypotonie lysis buffer (10 mM /V-2-hydroxyethylpipera-
zine-7V'-2-ethanesulfonic acid, 1 mM MgCU, 1 mM ethyleneglycol-bis-
A'./V'-tetraacetic acid, and proteinase inhibitors as above) and swollen

on ice for 15 min. Cells were homogenized, and debris was removed by
centrifugation at 3,000 x g for 10 min at 4Â°C.The posi nuclear super
natant was centrifuged at 100,000 x g for 30 min at 4Â°C(24). The

supernatants were collected and the pelleted membranes were resus-
pended in detergent buffer. Equal protein amounts (500 Mg)of each

fraction were subjected to 15% SDS-PAGE and immunoblotted as
described (34). Ras proteins were detected with Ras 11 antibody. Blots
were developed using a horseradish peroxidase-conjugated anti-mouse
antibody (Du Pont).

RESULTS

Growth Inhibition by DHEA: Comparison with Lovastatin.
HT-29 SF cells were treated with either DHEA or lovastatin at

concentrations of 0, 5, 25, or 50 MMfor 24 h (Fig. 1). Both
DHEA and lovastatin treatments produced a strong inhibition
of cell growth in a dose-dependent manner. While the number
of colonies was not reduced by drug treatment at levels of
discrimination of 0.0 (data not shown) and 0.2, the number of
colonies enumerated at the 0.4-mm discrimination level was
decreased, indicating that both DHEA and lovastatin inhibited
cell growth but not cell viability under these conditions. Ad
ministration of 5, 25, or 50 MMDHEA inhibited cell growth to
85%, 73%, and 47% of control levels, respectively. Administra
tion of 5, 25, or 50 MMlovastatin inhibited cell growth to 79%,
65%, and 38% of control levels, respectively. It has been shown
that 15-30 MMlovastatin completely inhibits endogenous mev-
alonate synthesis and isoprenylation-dependent protein matu
ration in a variety of cultured cells (20, 35-38). For this reason,
and because 50 MMDHEA produced an effect upon cell growth
not significantly different from that produced by 25 MMlovas
tatin, we used these drug concentrations in our subsequent
studies of protein isoprenylation.

DHEA Inhibits Protein Isoprenylation. HT-29 SF cells were
exposed to 50 MMDHEA or 25 MMlovastatin for 24 h with
[3H]mevalonate added during the final 12 h of drug treatment.

When 200 Mgof protein extracted from these cells were sub
jected to SDS-PAGE, the resulting gel was sliced into 1-mm
fractions, and the fractions were quantitated for proteins incor
porating products of pHJmevalonate metabolism, significant
incorporation of label into several size classes of proteins was
observed in DHEA- and lovastatin-treated (but not control)
cells (Fig. 2). Specific peaks of radioactivity were observed at
molecular weights of 14,000-18,000, 20,000-30,000, and
46,000-69,000. The pattern of incorporation of label from [3H]
mevalonate into proteins in DHEA-treated cells was essentially
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Fig. 1. Inhibition of cell growth by DHEA and lovastatin. HT-29 SF cells were

treated for 24 h with either DHEA or lovastatin at concentrations of 0, 5, 25, or
50 UMand subsequently allowed to grow until colonies formed (72 h). Effects of
treatment conditions upon cell growth were determined by comparing the number
of colonies at 0.2 and 0.4 mm levels of discrimination using an automated colony
counter. Points, numbers of colonies as the percentage of untreated controls; bars,
SEM. The number of colonies Â±SEM in untreated controls at levels of discrim
ination of 0.2 mm and 0.4 mm were 845 Â±18 and 154 Â±21, respectively. The
doubling time of HT-29 SF cells was 24 h. Each data point was performed in
quintuplicate, and the experiment was repeated three times.

6564

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6563/2445875/cr0510246563.pdf by guest on 19 M

ay 2023



INHIBITION OF PROTEIN ISOPRENYLATION BY DHEA

A
OJJ
(7)

Ã–L
T^

&
\>"8
o
'â€¢5
o
ce.

6000

5000

4000

3000

2000

1000

14.3 30

i
46 69 97

l l i

â€¢¿�Control

D DHEA

10 20 30 40 50 60 70 BÃ– 90 100

B

â€¢¿�Control

D Lovastatin

20 30 40 50 60 70 BÃ– 90 100

Distance from Bottom of Gel (mm)
Fig. 2. Effects of DHEA and lovastatin on the incorporation of products of

[3H]mevalonate metabolism into cellular proteins. A, from cells treated for 24 h

with SO //\i DHEA or not treated (control) and labeled during the final 12 h of
treatment with [3H]mevalonate. Equal amounts of protein (200 Mg) from each
sample were subjected to SDS-PAGE, and the resulting gel was sliced. Gel slices
(1mm) were solubilized and assayedfor radioactivity. A, top, migration of protein
molecular weight markers (M, X IO3). B, from cells treated for 24 h with 25 JIM
lovastatin or not treated (control). Incorporation of products of [3H]mevalonate

metabolism was determined as in A. Representative results are from one of four
independent experiments performed using the same method.

identical to that observed in lovastatin-treated cells. This sug
gests strongly that DHEA depletes intracellular mevalonate
pools into which exogenous [3H]mevalonate must equilibrate in

a manner qualitatively identical to that previously reported for
lovastatin (17,18). Analysis of total protein-bound radioactivity
revealed 253,400 dpm/mg protein following DHEA adminis
tration and 618,500 dpm/mg protein following lovastatin ad
ministration. The simplest explanation for this result is that,
under the conditions specified, DHEA may produce about 40%
of the effect of lovastatin with respect to depletion of endoge
nous mevalonate pools.

DHEA Inhibits Posttranslational Processing of p21r*s. Post

translational processing of ras proteins involves farnesylation
(25, 26), carboxyl-methylation (30), and palmitoylation (39).
These maturation events increase hydrophobicity and promote
subsequent anchoring of the carboxyl-terminal end of the pro
tein to the inner surface of the plasma membrane (23). For
studies of p21ras posttranslational processing, HT-29 SF cells

were exposed to 50 ÃŸMDHEA or 25 ^M lovastatin for 24 h
and labeled metabolically with [35S]methionine during the last

4 h of drug exposure. Cell lysates were subsequently separated
by Triton X-114 partitioning into an aqueous, detergent-de
pleted phase containing hydrophilic proteins and a detergent-
enriched phase containing hydrophobic proteins. Nonpro-

cessed, hydrophilic pro-p21ras was immunoprecipitated from
the aqueous phase, while processed, hydrophobic p21ras was
immunoprecipitated from the detergent-enriched phase (Fig.
3). After 24 h of DHEA treatment, we found a substantial
decrease of p21ras specifically precipitated from the detergent-
enriched phase compared to untreated control cells. Twenty-
four h of lovastatin treatment had a similar effect, although
lovastatin produced a greater decrease of p21ras specifically
precipitated from the detergent-enriched phase. Densitometric
comparison of ras protein immunoprecipitated from the
aqueous (nonprocessed p21ras) versus detergent-enriched (proc
essed p21ras) phases gave a ratio (aqueous phase/detergent-
enriched phase) of 2 in control, 4 in DHEA-treated, and 5 in
lovastatin-treated cells. Thus, administration of DHEA resulted
in a 2-fold increase in the ratio of nonprocessed to processed
p21ras as compared to untreated control cells. Since isopreny-

lation is the initial step of posttranslational processing of ras
proteins (25), these results indicate that DHEA inhibits the
posttranslational processing of p21ras by inhibition of p21ras

isoprenylation. The greater effect induced by lovastatin as com
pared to DHEA may follow from the apparently greater level
of depletion of endogenous mevalonate pools observed in lo
vastatin-treated cells as compared to DHEA-treated cells.

DHEA Inhibits Membrane Association of p21ras. Isoprenyla
tion is a critical step for the association of p21ras with the cell
membrane and for enabling cell-transforming activity of onco-
genic ras proteins (23, 25). In studies designed to assess the
effect of DHEA upon p21ras membrane association, HT-29 SF

cells exposed to 50 Â¿IMDHEA for 24 h were subjected to
subcellular fractionation into a soluble fraction containing cy-
tosolic proteins and a particulate fraction containing mem
brane-bound proteins. Western blot analysis revealed a substan
tial decrease of p21ras in the particulate and an increase in the

soluble fraction as compared to untreated control cells (Fig. 4).
This result indicates that the membrane association of p21ras

was inhibited by DHEA.

DISCUSSION

Our results suggest strongly that DHEA, in a manner anal
ogous to that observed by several other laboratories for the
HMG-CoA reducÃaseinhibitor lovastatin (17, 19, 27, 37, 38),
depletes intracellular mevalonate pools under in vitro condi-

CON

a d

DHEA LOV

a d a d

30.0 -

- P21 ras

14.3-

Fig. 3. SDS-PAGE analysis of the effects of DHEA and lovastatin on the
posttranslational processing of p2lr". Cells were treated for 24 h with either 50

JIM DHEA or 25 Â¡IMlovastatin (LOV) or were not treated (CON) and were
labeled with [3!S]methionine during the final 4 h of exposure. Cells were then
lysed in Triton X-114, and the lysates were partitioned into a detergent-depleted
aqueous phase (a) and a detergent-enriched phase (ill. Aliquots of each phase
containing 10' trichloroacetic acid-precipitable cpm were immunoprecipitated
and resolved on SDS-PAGE, and the presence of p21'" was detected by fluorog-
raphy. Arrow, position of p21r". Ordinate, migration of protein molecular weight
markers (M, x IO3).
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Fig. 4. Western blot analysis of the effect of DHEA on the membrane
localization of p2l"". Cells were treated for 24 h with 50 MMDHEA or were not

treated (CON). Cell lysates were separated by centrifugation into soluble (S) and
paniculate (/") fractions. The samples were then resolved by SDS-PAGE and
transferred onto a nitrocellulose membrane, and p21â„¢*was detected with Ras 11
antibody. Arrow, position of p21râ„¢.Ordinate, migration of protein molecular
weight markers (M, x IO3).Representative results are from one of five independ

ent experiments performed using the same method.

lions. Such depletion permits enhanced incorporation of label
from exogenously supplied [3H]mevalonate into cellular pro

teins by reducing the endogenous pool into which it must
equilibrate. Further evidence that DHEA depletes intracellular
mevalonate pools was obtained in studies showing that cell
growth can be partially restored in DHEA-inhibited cells by
simple addition of mevalonic acid (data to be reported
elsewhere).

Mevalonate is the central regulated precursor for cholesterol
biosynthesis but also serves as a precursor for a variety of
nonsterol substances essential for cell growth, including farne-
syl-PPi and geranylgeranyl-PPÂ¡ (40-43). Farnesyl-PPÂ¡ and ger-
anylgeranyl-PPÂ¡ represent the immediate precursors for protein
isoprenylation reactions, a type of posttranslational modifica
tion which enhances the hydrophobicity of proteins. Such iso
prenylation events often precede additional posttranslational
modifications and are apparently a necessary prerequisite for
membrane association of at least some proteins (reviewed in
Ref. 16). Cholesterol biosynthesis has been shown to be inhib
ited after DHEA treatment (14, 15), and we now report that
the isoprenylation of cellular proteins, including p21ras, is also
inhibited by exposure to DHEA. Furthermore, the DHEA-
mediated inhibition of p21ra5 isoprenylation was observed to
prevent p21ras association with the plasma membrane. Inas

much as oncogenic ras proteins are associated with the devel
opment of a wide array of human and animal tumors (reviewed
in Ref. 21), the ability of DHEA to deplete intracellular meva
lonate pools and inhibit p21ras isoprenylation and membrane

association may contribute to the anticancer activity of this
steroid in some tumor types.

Unlike lovastatin, which is a direct competitive inhibitor of
HMG-CoA reducÃase, DHEA is apparently pleiotropic in its
effects upon cellular metabolism. Our data, for example, indi
cate that, while 50 ^M DHEA produced only about 40% of the

effect of 25 I*Mlovastatin upon protein isoprenylation, it was
equally effective in inhibition of HT-29 SF cell growth. This
result suggests that the growth-inhibitory effect of DHEA may
include additional mechanisms other than depletion of meva
lonate pools and inhibition of protein isoprenylation. DHEA is
a potent uncompetitive inhibitor of mammalian G6PDH (44),
the rate-limiting enzyme in the hexose monophosphate shunt.

Two potential consequences of this inhibition are restriction on
the availability of NADPH and of 5-carbon sugars, both of
which are required for synthesis of purine and pyrimidine
nucleotides (45). Nucleotide pool depletion may therefore con
tribute to the growth-inhibitory effects of DHEA but would not
be expected during growth inhibition induced by lovastatin (11,
46).

HMG-CoA reducÃaseis an unusual enzyme of intermediary
metabolism in that it requires 2 mol of NADPH for each mole
of product (mevalonate) produced. Since the hexose mono-
phosphate shunt represents a major source of extramitochon-
drial NADPH, and since DHEA is a potent uncompetitive
inhibitor of the rate-limiting enzyme (G6PDH) of this pathway,
an attractive hypothesis is that DHEA-mediated inhibition of
protein isoprenylation occurs due to depletion of NADPH
cofactor necessary for HMG-CoA reducÃaseactivity. However,
at least in hepatic cells, malic enzyme is apparently capable of
providing sufficient NADPH to prevent levels from falling
below normal (14). Thus, it remains possible that DHEA's

effects upon protein isoprenylation may be mediated in a man
ner not related to depletion of NADPH cofactor in HT-29 SF
cells. However, indirect evidence that NADPH levels may in
fact be sufficiently reduced in DHEA-treated cells to create a
biological effect comes from work showing that the metabolism
of aflatoxin Bi and of 7,12-dimethyl-benz[a]anthracene by cy-
tochrome P450, an NADPH-requiring mixed-function oxidase
enzyme, is inhibited in DHEA-treated cells in vitro (47). Fur
thermore, the possibility exists of intracellular compartmental-
ization of NADPH pools with the result that biochemical
estimations of total NADPH levels may not reflect local con
centrations of this cofactor at the site of mevalonate biosyn
thesis, carcinogen metabolism, or other NADPH-dependent
processes.

If DHEA's inhibitory action upon protein isoprenylation is

mediated via NADPH cofactor depletion, then any steroid
capable of inhibiting G6PDH would be expected to have similar
effects upon protein isoprenylation. For example, in addition
to DHEA, other steroids in the androstane series, as well as
pregnenolone and related pregnane steroids and certain fluo
rine-substituted and bromine-substituted analogues of DHEA,
are also known to inhibit G6PDH (reviewed in Ref. l). How
ever, no inhibition of protein isoprenylation has been observed
following treatment of mammalian cells with either dexameth-
asone (38) or 25-hydroxycholesterol (27), indicating that this
effect of DHEA is not a general property of the steroid nucleus.

In summary, our findings suggest that DHEA depletes intra
cellular mevalonate pools, inhibits protein isoprenylation, and
blocks p21ras posttranslational processing and membrane asso

ciation. These studies represent an attempt to understand the
anticancer action of DHEA on the molecular level.
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