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Induction of Hepatic Microsomal Cytochrome P450 by N,N-dimethylformamide
in Sprague-Dawley Rats
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Objectives. In order to gain a better understanding of the
mechanism of DMF toxicity, recent studies have focused on
hepatic drug metabolizing enzymes. In this study, we investigated
the effects of DMF on the induction of P450 and the activities of
other related enzymes in rat liver microsomes.

Methods. DMF was administered to male Sprague Daweley
rats by intraperitoneal injection at O(control), 450(D1), 900(D2),
1,800(D3) mg DMF/kg body weight in olive oil once a day for three
days. Hepatic P450 was measured by method of Omura and Sato.
We evaluated selective assays for the three drug metabolizing
cytochrome P450 isoenzymes 1A1, 2B1 and 2E1.

Results. The content of microsomal protein, P450 and b5 were
tended to be decreased in DMF treated group, but they were not
statistically significant. The activity of NADPH-cytochrome P450
reductase was significantly increased dose dependently(p<0.01),
but the activity of NADH-b5 reductase was decreased in the

treated group(p<0.01)}. The activities of PROD and EROD were
not significant between control and treated group. The activities of
pNPH in the DMF treated groups were higher than that of the
control group(p<0.01). When Western immunoblottings were
carried out utilizing three monoclonal antibodies which were
specific against P4501A1/1, P4502B1/2 and P4502E1, the strong
density band corresponding to P4502E1 was observed with the
microsomes obtained from the rats treated with DMF. But there
were no significant increased in the P4501A1/2 and P4502B1/2
band densities in immunoblotting.

Conclusions. These resuit suggested that P4502E1 was
inducible by DMF and P4502E1 isozyme might be responsible for
the hydroxylation of DMF to HMMF.
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reductase EAHTE ZA3 A, Y2
(0.086 pamol/min/mg) H.T} o K]
A EASHoR fo BARY 37}
7} #EE o, 450 mg/kg(0.135 ¢
mol/min/mg), 900 mg/kg(0.152 p
mol/min/mg) % 1800 mg/kg(0.159 u
mol/min/mg) FoTo] glojA FolFk
o F7te g G4EY F7HE 1Y
t}(Table 2). 2} flavo gul &l
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Aoz ¢ #AE ERom(p<
0.01), Fofgko] F7} 3ol wet SPE
= 0.174(450 mg/ke), 0.161(900 mg/ke),
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(Table 2).
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EROD®| AT P4501A1L2 59&
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Table 1. Effect of dimethyiformamide on the contents of hepatic protein

Unit: Mean+S.D.

" . . Dose of DMF (mg/kg)
Quantity of protein p value
Control 450 900 1800
Microsomal protein (mg/ml) 44.97+4.73 3849195 37464293 39.81+642 0.2335
Cytochrome P450 (nmol/mg) 0.758+0.01 0.721+0.05 0.740+0.06 0.703+0.14  0.8687
Cytochrome b5 (nmol/mg) ~ 0.293+0.01 0.271+0.01 0262+0.02 0277001 02285

Table 2. The content of NADPH P-450 reductase and NADH bs reductase in
liver microsome from rats treated with dimethylformamide

Unit: Mean+S.D.
Dose of DMF (m,
Activity of reductase (ngke) p value
Control 450 900 1800
P450 reductase (umol/min/mg)  0.086+0.011 0.135+0.008 0.152+0.003 0.159+0.001  0.0001
bs reductase (umol/min/mg) 0.19340.012 0.174+0.007 0.161+£0.003 0.126£0.006  0.0001




Table 3. Effect of dimethylformamide on the hepatic microsomal P450 depen-

dent catalytic enzyme activities

Unit: Mean+S.D.
Enzyme activities Dose of DMF (mg/kg)
o p value
(pmole/mg protein/min)  Control 450 900 1800
EROD? 0.600+0.065 0.551+0.065 0.567+0.051 0.680+0.039 0.0597
PRODP 0.950+0.198 1.183+0.384 1.131+0.143  1.3284+0.273 04265
pINPH® 77244290  1823.7+39.9 1900.6+46.6 21969+48.1 0.0001

4: EROD - ethoxyresorufin O-deethylase
b PROD - pentoxyresorufin O-deethylase
. pNPH - p-nitrophenol hydroxylase

A< ok
ol& PROD 3?—._}’“‘: 27 By £o9
59 30 37H519, DN 5
gk S7tl wet YRR STHEA
ot A TS

3} ethanold} acetone 5o 2la|A
AeAQ FE7H dojubes PASO2EL ¥
go 5934 52 pNPHY} AHY| &
Ao Eold MstE Hol=d, o] AT
A= pNPHY SAHEE S48
1 A% gzTolAe] pNPHY| SA%E
772.4 pmole/mg protein/min 0.2 4 &
RoH, DMF FojgoAe 4571 of
Z79] 2R 1t} 27} tHTable 3).
#ia} ol # DMF o &8k 450, 900,
1800 mg/kg o2 S7k3e) ute}, pNPH
FAE 9] 1823.7, 1900.6, 2196.9
pmole/mg protein/min .2 7z} f2]3}
A 2753 THp<0.01).
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o #&F AFJE Fig 19] YERAT
Fig 1914 5 whst 2] DMF Sold
84 744 microsomed| A P4502E1
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1994). wehd DMFol 9& 7HE4 7]1A
& 793 fsiME WA A
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Golr7] Yzt AN F
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=2 |ol

lo, @ ol i ko 2 ol
Sborg b ,—_‘F: r o &
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A a7 A gt JFor e
zto] 2 Ho]Ed|(Nebert® Gonzalez,
1987), & 919X = DMF Fo & <l
3 microsomal THA 9 P4509] ek
sl Holx %?%%E}. Ty Fojto]
AoJA o]E wiA o] Fifo] tiET R
|2 = S ot 3}% A gtk Foi4
29 o= glo1} Imazu $(1992)9
o3l 1579 Fot 3sh(subcutanous)E
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2,

¢
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T A4 0}01 1}7] ol A 7417P ZI.ZHJ
Aol kg vbo} ghA 24 7)59 B
#9374 12 sl S 249 &4
of wet Jepd 272 B i)
£ 5, 1994; Nebert®} Gonzalez, 1987).
3 microsomes®] EAsHE Wk A
(P450)e] AFAY 253 A%s 9
= ojzge] @4 ol 9 Pasos)
eyl o) 299 234 ¢ 42 gl
(Imazu %, 1992).

P450-& redox HH3-S E5lo] o] 2R S
AR 7] =], redox FHEFHAAA Az}
7} L7EH, old) HAE Adde Azt

A2 A 7L NADPH P-450 reductase 9}

c DI

D2 D3 E

Figure 1. Western immunoblot analysis for microsomes of rats treated with dimethylformamide
(DMF) utilizing mouse monoclonal anti-rat PAS02E1 antibody. Liver microsomes (10
ug) were loaded for the groups:C, control; D1, DMF 450 mg/kg; D2, 900 mg/kg; D3,
1,800 mg/kg; E, 4 g ethanol/ kg(5 ug loaded)
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Figure 2. Mechanism of electron transfer in NADPH-cytochrome P450 reductase. Source:

Takemori et al, 1993

NADH-bs reductaseo|t}. HA|, NADPH
P-450 reductaset= & HAZ AH Zvf
g #od(Fig 2). ATAE
NADPHEZ RE AzE ol & £a}9]
flavinthg QA7) A o|THFMN -
FADH: FMNH: - FAD). ¥ ¥i&] d7=
AR AArE AgE o] EtAE
(reactive oxygen radical)}& A5l 2
ol &ld T4 YA Azt st
(FMNH - FAD)E P4509) #2182 Ag
317] $13 EHjdAl o) A3, o] F A
339l dhgo] A &Ho7 Yo A
P4509] AA}E A2s}A ©rhVermilion
=, 1981; Takemori %, 1993; Livertoux
<, 1996). =3, NADH-bs reductase
NADPH P450 reductasee]] ¢Jaj4] $4
A Fee EFA 1A EA)et Al
o] AR EAHO)E o} 2kstd HEl 9
B389 gAlgAd AAE AGss
A& gt g9 A7l glojA o] A
A-A2A e SHEE A A3
NADPH P450 reductase?} NADH-bs
reductase®] FAE W3l ME Auly
+ A3%E B4 th. NADPH P450 reduc-
tase SAHEY] A4 dzToA 2o
DMF Fojo|x BAROE fofd &

7He R 2H(p<0.01), FolFie] 7t

¢ T Eol S F7} Yojd 7,
NADH-bs reductased] SA =+ tZT
oxe TR T AL
2§93 ZAaE HYtHp<0.01). 27)
& 51995 wA, EF4 2 4
tALe} st P450 9&A radical A
go #3 AT A NADPH P450

reductase AL #H81e F7t9} radical
AHE ol A4l ok aiion)
Ingelman-Sundberg$} Hagbjok(1982)%
NADPH P450 reductase] ]38} radical
A4 AREdT e FE 270l
Jehd A2 BHE A8t
DMFs| gl 2 2 249 43}
cAgslo] 472 4 Ytk =, DMF ur}
NMFo| o|@ 7249 &4 24
(Bulcke %, 1994), o] = DMFE NMFZ
HE A 7)|= FAdA NADPH P450
reductase7} 52 43 Aoz Azt
|t

) T
B Z2HE £49 J3 g
o] Z Ho]n(Neberté Gonzalez,
1987), A1, 8 2 vl AE FolA dA
7HA) 8r8 7 P450 superfamilyd] £7%
gl o] 2H(Nelson 5, 1996). 18
U P450 T a4} s Aoz
2e Z2He §7)84 g d7E
e vl Aol

th3l 31 2] 3}sHE(polycyclic aromatic
hydrocarbon, PAHs)-2- P4501A1/2 &$]
FAE HEA]7)H, aryl hydrocarbon
hydroxylase(AHH)¢} EROD 5o A1€d
Aol g4& ®Ava dhgom(Lugt
West, 1980), P4502B1/2 3e]9] $9&
A% phenobarbitale] 2J3A =™
PRODe| &0l &4 wrka 349
tHRyan %, 1979). Peng 5(1982)9] <]
31A ethanol?} acetone 5-& P4502E1
g9 FHEAE FEA7]Y pNPHY
AH 5o 4& Hdva gt st

Guengerich $(1991)& g2 43} §7]&
AQl trichloroethylene thAbol] Lo A
P4502E1 59§47} #odditin B s}
Atk Mraz £(1993)8 DMF¢} #d3t
AT A P4502E1Y FEEFY
acetoneS A& &z]o 7+ micro-
somedf|A] AR g2 tizTo] H]
3 HMMF7} 1.7THA % Z7}139.09,
phenobarbital & A 2] 8 ol A& ol
& @] vehA g Rask
THChieli g, 1995). wetA 5 A
A& DMFe] 35& 2|3t 87 Fo
3 3 P450 9)2A Zujg4 Z EROD,
PROD % pNPHo| o3t S = wsle}
DMFo olafjA ofH Fejo] P450 &9
2t FrEHERAE gotstaat okt
HA, PAS01A1/2 FHE A AEF

ofN i F7td THEE BAY
P4502E1 Y A0 AdA &AL
Hol: pNPH AL giz7 o ¥
ol oM dME-FIHE Hon
(p<0.01), FE% 2719 tEo] &4
EE Z719ld. olef @ 2% Mz 5
(1993)0} Bugt A9 Az} ¢
), DMF7} P4502E1 59§42
o2 frEato] diabel st
AzZrgic). 22 o5 P40 924
AXEL 7|4 tig AdAE 7}
T ofet 7)1de] FEAR 71
92 G4 xe] HE 7pA 3 od
g9 P450 £9547 FEEJGT
Qg puke Qi

YA ol P450 ZujE Ao Aud
P4501A1/2, P4502B1/2 2 P4502E1¢]
3 GAET FAE o] dsto] WHE
A BHeZ g FEELR

o o
o &
Hu o o

7

=S

p=-

H

i) o i3 iy

rooft 2 A

TLE=
DMF?] 5E& gi|ste] £7 T3t 3
#¢] microsomes o] &3te] HHILA
BN AAE A3, PAS02EL e
FAHQA T4k FEAY 14y
P4501A172 & f BAEA



okgtony, P4502B1/2 BlA o] fEE
fjzo HE dAFAT At met
x DMF9| ¢]81A] P4502E1 B9 &47}
FrHE AS 5“]3]-9&‘3} Hyland %
(1992)& DMFe] thi} S2R)2 LeiA
9= NMFe] thAld] P4502E] §9 &4
7t #gtn Basirt. ol delA
it A7 ABE Hyland 5(1992)9] 4
T Ao B, DMF7} P4502E1 &
JEAE 53e, 58 P4S02ELl §
HEre MF7}NMF§_ qwmauqb
A5 NMF7} tAtE = #gol #ojst
rAog nonk a8y 3 AN
= DMFo| 984 ojwl el P450 &
aat fEHE AE HHone F
3ol= DMFY 93A fFEHE
P4502E1 ©ilAe] f=Tdd EATE
M9 24714 A7E 3t} DMFY
=4 #4g vt o 9Es soser @
Ao Azt

=
Basie A9} e HeA ol 27
AHE ool e T 2 S4B} o]
Folok g Aoz 4740,

OF
2

o] 7= DMF9| 93t 7H=4 714&
gotry] flate], AR T
AL sl o|2A YrtEAY 19 B
g A7) ojud ¥stE HoleltE
Fobugith. o] A7 ALEE FERE
Sprague Dawley# 473 %2 DMF&
A% kgZ 0(Control), 450 (D1), 900
(D2), 1,800 (D3) mg & 19 13]4 3Y7t
dA&dle] BAFASAT v F
3 24N7F To AHFEEYE A
microsomeS 23511, P450 T4 &
29 FE9} P450 9 EA Eo) 240 B

J % WilE Fasg)

d743, DMFE Fojg A87
ZFHTt} microsomal T A 3eko]

o §eaAE YA we
RStk PASO3k b 3% 2 1)
277 BoE7hel fog zol7t U
o Al ofu e AR ATt
232 #dgEAS Loluoked,
NADPH-P450 reductase®] 7% iz
Hr} Folo] Fojggo] Frh w
3 245 424 Fhean
(p<0.01). NADH-b5 reductase®] 4=
o] AL tzFrh Fojro| Zid
ol(p<0.01), ARHAE) F2 NADPH-
P450 reductased] 98] o] FoA = A&
o % 95Tk PAE F4dAE EROD
s} PROD A EE 93 2to]E Kol
A ggkont pNPH 45 ATl A
A G 717 HRHAHp<001). E3
P4501A1/2, P4502B1/2 2 P4502E19
g3 GAZT FAE o8-8 Western
immunoblot £-4]¢l| 4] P4502E1 ¢ 2
9] ofo] HA3}HA F7HetAT

olAre] A#E W, DMFo| s
P4502E1 Fejel FHasst FEHH,
25 P4SO2E] 59547} DMF t)
Aol Befste Ao etk

Ast

|
Ao
TAE

ke

A%, AT HWE, olFA4, A4, 2%
Trichloroethylene A8 3
AL Z8 B B 04-? @iy e
3)%] 1994;6(2):323-331

171%, FAE, A3, F9%. Cytochrome P-
450 9 &4 radical A9 23t benzen,
toluene, xylene®] A 1A AF A=5AIS
312 1995;11(2):205-213

Amato G, Longo V, Mazzaccaro A and Gervasi
PG. Microsomal oxidation of N,N-dimethyl-
formamide and its effect on P450-dependent
monooxygenase in rat liver. Chem Res
Toxicol 1996;9:882-890

Bulcke MV, Rosseel MT, Wijnants P, Buylaert
W, Belpaire FM: Metabolism and hepatotox-
icity of N,N-dimethylformamide, N-
hydroxymethyl-N-Methylformamide, and N-
methylformamide in the rat. Arch Toxicol
1994;68:291-295

Cai SX, Huang MY, Xi LQ, Li YL, Qu JB,
Kawai T, Yasugi T, Mizunuma K, Watanabe
T, Ikeda M. Health effects of dimethyl-
formamide after occupational exposure at
low concentration. Int Arch Occup Environ

312|ol| 4] DMFol] oJ3t 72k} P4508] $5 93

Health 1992,63:461-468

Chieli E, Saviozzi M, Menicagli S, Branca T,
Gervasi PG: Hepatotoxicity and P-450 2EI
dependent metabolic oxidation of N,N
dimethylformamide in rat and mice. Arch
Toxicol 1995;69(3):165-170

Clayton JW, Barenes JR, Hood DB, Schepers
GWH: The inhalation toxicity of dimethyfor-
mamide(DMF). Am Ind Hyg Assoc J
1963;24:144-154

Cooksey PG, Gate EN, Gescher A, Hickman
JA, Langdon SP, Stevens MFG: The
formation and metabolism of N-hydrox-
ymethyl compounds. IV. Cytotoxicity and
antitumor activity of N-hydroxymethyl-
formamide, a putative metabolite of N-
methylformamide. Biochem Pharmacol
1983;32:3037-3043

Ducatman AM, Conwill D, Crawl I: Germ celt
tumors of the testicle among aircraft
repairment. J Urol 1986;136:834-835

Gescher A. Metabolism of N,N-dimethyl-
formamide: key to the understanding of its
toxicity. Chem Res Toxicol 1993:6:245-251

Guengerich FP. Kim DH, Iwasaki M. Role of
cytochrome 1IB1 in the oxydation of many
low molecular weight cancer suspects. Chem
Res Toxicol 1991;4:168-179

Horn HJ: Toxicology of dimethylformamide.
Toxicol Appl Pharmacol. 1961;3:1 224

Hultquist DE. Methemoglobinemia reduction
system of erythrocyte. Method in Enzymol
1978;52:463-473

Hyland R, Gescher A, Thummel K, Shiller C,
Iheeta P, Mynett K, Smith AW, Mraz J.
Metabolic oxydation and toxification of N-
methylformamide catalyzed by the cyto-
chrome p450 isoenzyme CYP2EL. Mol
Phamacol 1992;41:259-266

Imazu K, Fujjishiro K, Inoue N: Effect of
dimethylformamide on hepatic microsomal
monooxygenase system and glutathione
metabolism in rats. Toxicology 1992;72(1):
41-50

Ingelman-Sundberg M, Hagjo7} AL. On the
significance of the cytochrome P-450
dependent hydroxy radical-mediated oxy-
genation mechanism. Xenobiotica 1982;12:
673-686

IPCS. Environmental Health Criteria 114,
Dimethylformamide. World Health Organi-
zation: Geneva, 1991.

Kawai T, Yasugi T, Mizunuma K, WatanabeT
Cai SX, Huang MY, Xi LQ, Qu JB, Yao BZ,
Ikeda M. Occupational dimethylformamide
excretion in urine after occupational
dimethylformamide exposure. Int Arch
Occup Environ Health 1992;63:455-460



94wy B - P - BT - AEA

Kennedy JR. Biological effects of acetamide,
formamide, and their monomethyl and
dimethyl derivatives. CRC crit Rev. Toxicol
1986;17(2):129-182

Kestell P, Threadgill MD, Gescher A, Gledhill
AP, Shaw AJ, Farmer PB: An investigation
of the relationship between the hepatotox-
icity and the metabolism of N-alkylfor-
mamides. J Pharmacol Exp Ther 1987;240
(1):265-270

Klotz AV, Stegemen I, Walch C. An alter-
native 7-ethoxyresorufin O-deethylase
actvity assay: A contineous visible spec-
trophotometric methods for measurement of
cytochrome P450 monooxygenase activity.
Anal Biochem 1984;140:138-145

Ko IY, Park SS, Song BJ, Patten C, Tan Y, Hah
YC, Yang CS, Gelboin HV. Monoclonal
antibodies to ethanol induced rat liver
cytochrome P450 that metabolizes anilline
and nitrosamine. Cancer Res. 1987;47:3101-
3109 '

Koop DR. Hydroxylation of p-nitrophenol by
rabbit ethanol inducible cytochrome P450
isozymes 3a. Mol Phamacol 1986;29:339-
404

Laemmli UK. Cleavage of structural protein
during the assembly of the head a bacterio-
phage T4. Nature 1970;227:680-685

Livertoux ML, Lagrange P, Minn A. The
superoxide production mediated by the redox
cycling of xenobiotics in rat brain micro-
somes is dependent on their reduction
potential. Brain Res 1996;725:207-216

Lowry OH, Rosebrough NJ, Farr AL, Randall
RIJ. Protein measurement with folin phenol
reagent. J Biol Chem 1951;193:401-404

Lu AYH, West SB. Multiplicity of mammalian
microsomal P-450. Pharmacol Rev 1980:31:
271295

Master BSS, Williams CH, Kamin H. The
preperation and properties of microsomal
TPNH-cytochrome C reductase from pig
liver. Method in Enzymol 1967;10:565-580

Mraz J, Cross H, Gescher A, Threadgill MD,

Flek J: Differences between rodents and
humans in the metabolic toxification of N,N-
dimethylformamide. Toxicol Appl Phar-
macol 1989;98(3):507

Mraz J, Nohova H: Absorption, metabolism
and elimination of N,N-dimethylformamide
in humans. Int Arch Occup Environ Health
1992;64:85-92

Mraz J, Jheeta P, Gescher A, Hyland R,
Thummel K, Threadgill MD: Investigation
of the mechanistic basis of N,N-dimethyl-
formamide toxicity. Metabolism of N,N-
dimethylformamide and its denaturated
isotopomers by cytochrome p-450 2E1.
Chem Res Toxicol 1993,6(2):197-207

Nebert DW, Gonzalez FJ. P450 gene: structure,
evolutionand regulation. Ann Rev Biochem
1987,56:945-993

Nelson DR, Koymans L, Kamataki T, Stege-
man JJ, Feyereisen R, Waxman DJ, Watman
MR, Gotoh O, Coon MJ, Estabrook RW,
Gunsalus IC and Nebert DW. P450
superfamily: updata on new sequences, gene
mapping, accession numbers and nomencla-
ture. Pharmacogenetics 1996;6:1-42

Omura T, Sato R. The carbon monoxide-
binding pigment of liver microsome. L
Evidence for its hemoprotein nature. J Biol
Chem 1964;239:2370-2378

Palmen NGM, Evelo CTA, Borm PJA, Hend-
erson PTh: Toxicokinetics of dimethy-
lacetamide(DMAC) in rat isolated perfused
liver. Hum Exp Toxicol 1999;12:27-135

Park KH, Kim CR. Induction of the different
forms cytochrome P450 isoenzymes and
comparison of aryl ﬂ'yéirocarbon hydroxylase
levels on rat tissues by chemical treatment.
Korean Biochem J 1984;17(1):10-19

Pearson PG, Slatter JG, Rashed MS, Han DH,
Baillie TA: Carbamoylation of peptides and
proteins in vitro by S-(N-methylcarbamoyl)
glutathion and S-(N-methylcabamoyl)-
cysteine, two electrophilic S-linked conju-
gates of methylisocyanate. Chem Res Toxicol
1991;4:436-444

Peng R, Tu YY, Yang CS. The inhibition and
competitive inhibition of a high affinity
microsomal nitrosodimethylamine demethy-
lase by ethanol. Carcinogenesis 1982;3:
1457-1461

Rayan DE, Thomas PE, Korzeniowski D,
Levin W. Seperation and characterization of
highly purified forms of liver microsomal
cytochrome P 450 from rats treated with
polychlorinated biphenyl, phenobarbital, and
3-methylcholanthrene. J Biol Chem 1979;
254:1365-1374

Redlich CA, Beckett WS, Sparer J, Barwick
KW, Riely CA: Liver disease associated with
occupational exposure to the solvent
dimethylformamide. Ann Intern Med 1988;
108: 680-686

Rojenberg J: Solvent. Ladou J, eds: Occupa-
tional Medicine. Connecticut, Prentice Hall,
1990, pp 385-386.

Scailteur V, de Hoffmann E, Buchet JP,
Lawerys RR: Study on in vivo and in vitro
metabolism of dimethyformamide in male
and female rats. Toxicology 1984;29(3): 221

Takemori S, Yamazaki T, Ikushiro SIL.
Cytochrome p-450 linked electron transport
system in monooxygenease reaction. Omura
T, Ishimura Y, Fujii-kuriyama Y (Eds).
Cytochrome P-450. Tokyo: Kodansha, 1993.

Vermilion JL, Ballou DP, Massey V, Coon MJ.
Seperate roles for FMN and FAD in catalysis
by liver microsomal NADPH-cytochrome p-
450 reductase. J Biol Chem 1981; 256:266-
277

Wang JD, Lai MY, Chen JS, LinJM, Chiang
JR, Shan SJ, Chang WS: Dimethylfor-
mamide induced liver damage among
synthetic leather workers. Arch Environ
Health 1991:46: 161

Werringloar J, Estabrook NR. Heterogeneity of
liver microsomal cytochrome P-450: The
spectral charcterization of reactants with
reduced cytochrome P450. Arch Biochem
Biophys 1975;167:270-286



