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SUMMARY 

I. Syntheses for tri t iated 2,4,6-trinitrobenzenesulfonic acid (TNBS) and [aH l- 
picryl chloride (PC) are described. 

2. The time course of the reaction of [3HITNBS and [3HIPC with human serum 
albumin was studied over a 4-h interval. At 30 rain both reagents had reacted 
to the extent of 11.3 moles per mole of albumin. At 4 h approximately 17 moles of 
TNBS and approximately 33 moles of PC had reacted per mole of serum albumin. 

3-The time course of the reactions of I~HITNBS and E3H]PC with normal 
human erythrocyte suspensions in phosphate buffer were studied. Distribution of label 
in the medium, in the cell membrane,  and in the hemolysate hemoglobin was examined 
as a function of t ime for each reagent. The dynamic labeling system which emerges 
from this analysis discloses a source of reagent outside the membrane,  reaction of 
reagent with the membrane while in transit, and exhaustion of free reagent by  the 
hemoglobin sink inside the erythrocytes. The E3HIPC was found to enter the erythro- 
cytes and label their membranes much more rapidly but  the specific activity in the 
membranes was only about half of that  achieved with the [aHITNBS. 

INTRODUCTION 

The use of site-specific modifying reagents, so fruitfully applied in the studies 
of protein structure, has recently been extended to the more complex architecture of 
biological membranes.  In the pioneering work of MADDY 1 a non-penetrating fluorescent 
probe was used to monitor the amino, histidyl, and guanidyl groups accessible from 
the outside of the ox erythrocyte and BERG ~ has taken a similar approach using an- 
other non-penetrating reagent--35S-labeled sulfanilic acid diazonium sal t - - in  studies 
of the human erythrocyte. NIEHAUS AND WOLD 3 have cross-linked erythrocyte mem- 
brane proteins through their lysine ~s idues  with dimethyl adipimate before carrying 
out solubilization studies. McCoNNEL 4 has employed electron spin resonance to assess 
the environment of spin-labeled probes with a membrane. LENARD 5 has labeled sulf- 
hydryl groups in human erythrocyte membranes with N-El~C]ethylmaleimide. More 

Abbreviations: TNBS, 2,4,6-trinitrobenzenesulfonic acid; PC, picryl chloride; DNC]3, 
dinitroehlorobenzene; TNCt3, trinitrochlorobenzene; e-TNP-lysine, e-trinitrophenyllysine. 
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recently PmLLIPS 6 has labeled tyrosine and histidine residues accessible from outside 
the erythrocyte membrane with 125I by the elegant expedient of using the non- 
penetrating enzyme, lactoperoxidase, in the labeling step. 

A central feature of the current membrane models has been the emphasis on a 
mosaic structure 7-1°. A heterogeneous array of lipids and proteins interacting dif- 
ferently at various loci is visualized as being primarily segregated into lipid and protein 
sectors extending through the thickness of the membrane. Transport  as well as physico- 
chemical studies are consistent with such a structure n. We undertook to examine 
this general model by employing a pair of reagents of roughly similar reaction speci- 
ficities but  differing widely in polarity. Picryl chloride and 2,4,6-trinitrobenzenesulfonic 
acid (TNBS) were chosen for this comparison since they share many  molecular charac- 
teristics including size and shape and both reagents form identical trinitrophenyl 
derivatives as reaction products. Both reagents react primarily with sulfhydryl groups 
and pr imary amines. The two reagents differ widely in polarity: at neutral pH 
TNBS bears a single formal charge and is highly water soluble, while PC carries no 
formal charge and possesses a low water solubility. Two additional advantages of 
these reagents are their ability to react rapidly under physiological conditions of tem- 
perature, pH, and concentration and their inability to significantly disrupt the ery- 
throcyte membrane as determined by measurements of hemolysis. Radioactive 
monitoring proved to be a convenient and precise method of locating and quantitat ing 
the reaction products and therefore tri t iated TNBS and PC were synthesized. 

Early in this s tudy we observed that  large amounts of label were recovered from 
the intracellular hemoglobin as well as from the suspending medium and that  the free 
reagent in the medium was rapidly exhausted. I t  soon became clear that  a knowledge 
of the distribution of label as a function of time in the entire sys tem--medium,  
membrane, and hemoglobin--was essential before an interpretation of the labeling 
pat tern in the membrane could be undertaken. Such an analysis is the subject of this 
paper. 

MATERIALS AND METHODS 

Synthesis of [3H] T N B S  and [3HI PC 
[3H]TNBS was synthesized using a combination of modified methods from 

FRAiX'KLAND 12 and SATAKE et al. 13. [3H]Dinitrochlorobenzene (DNCB) was obtained 
from New England Nuclear at a specific activity of 87 mC/mmole. To 11.6 mg of this 
[3H]DNCB was added 239 mg of unlabelled DNCB (Eastman), 0.82 ml of concentrated 
H2SO 4 and o.12 ml of red fuming HNO 3 (J. T. Baker). This mixture was refluxed 
for 16 h at 13 o°, and then 20 ml of cold distilled water was added to the flask. The 
product (PC), separated as a solid or oil which later solidified. The water was drawn 
off and the pale yellow product washed with 5 rn l  of cold water which was again 
drawn off. The last traces of water in the reaction flask were evacuated under vacuum. 
Any precipitate in the water wash was separated, dried, and added to the reaction 
flask. 

To the dry product was added 1. 5 ml of anhydrous methanol, followed by 1I 3 
mg of NaHSO,.  This solution was refluxed for 50 min at 80 ° then an additional 113 mg 
of NaHSO 3 was added and the reaction allowed to proceed for an additional 9 ° min. 
The solution was acidifed with concentrated HC1 and 5 ml of methanol was added. 

Biochim. Biophys. Acta, 255 (1972) 79~)o 



REACTION OF ERYTI-LROCYTES WITH T N B S  AND PC 8 I  

The mixture was evaporated to dryness under vacuum and the precipitate then redis- 
solved in hot concentrated HC1. The precipitate that  formed immediately upon cooling 
was a mixture of inorganic salts and was discarded. The TNBS crystallized after 2 h 
in the cold. The white crystals were separated, washed with heptane, and stored at 4 o. 

In  the synthesis of PC, the first part  of the TNBS synthesis was followed 
employing the following amounts of reagents: 4.64 mg of E3H]DNCB, 195 mg of un- 
labeled DNCB, 1.3 ml of concentrated H2SO 4, and o.2 ml of red fuming HNO 3. 
After the reaction the solution was transferred into 25 ml of cold water. The PC 
which precipitated was separated, recrystallized from ethanol and stored over CaCI~ 

at 4 ° . 

Incubation of human serum albumin with [3H]TNBS and [3HIPC 
Crystallized human serum albumin (Pentex) at I.O. IO -6 M was incubated with 

the reagents for various lengths of time at 37 ° . The reactions were stopped by pre- 
cipitation of the protein by addition of 0.5 ml of 50% trichloroacetic acid. The 
precipitates were washed twice with 5 % trichloroacetic acid, placed on filter paper 
and washed again, dried, oxidized, and counted. All dried precipitates were oxidized 
to COs and H20 in a Packard Model 300 Tri t ium Sample Oxidizer and counted in a 
Beckman LS-25o liquid scintillation spectrometer. A preliminary determination of 
the modified amino acid residues in the human serum albumin was performed on the 
4-h incubation product of each reagent as follows: The thoroughly washed precipitate 
was hydrolyzed at IiO ° in 5.7 M HC1 for 12 h. The products of the hydrolysis were 
separated by  descending chromatography on Whatman  No. 3 paper using the system 
butanol-acetic acid-water (4:1:2, v/v/v). Picric acid (Eastman), e-trinitrophenyl- 
lysine (e-TNP-lysine) (Nutritional Biochemicals) and TNBS (Pierce) were also run 
as standards. The chromatograms were cut into segments, oxidized and counted. 

Incubation of human erythrocytes with [ZHJTNBS and E~HJPC 
A flow sheet of the procedure described below is given in Fig. I. Blood was 

drawn from healthy donors without regard to type, using o . I I  M EDTA as anti- 
coagulant. After removal of the plasma and buffy coat the cells were washed 4 times 
with modified Krebs-Ringer  phosphate (Krebs-Ringer phosphate containing 5 mM 
glucose, o.7 mM Mg ~+, and 1.25 mM Ca z+ (pH 7-4)). Following the final wash, the cells 
were centrifuged at 8oo X g for 3o min to obtain the red cell pack. After incubation of 
the cells with the appropriate reagent for a given time the incubation tubes were 
centrifuged at 2ooo X g for one min and a 2.o ml aliquot of supernatant was im- 
mediately removed and a o.2 ml aliquot of this supernatant was obtained and saved. 
To the remaining 1.8 ml was added I.O ml of 5o% trichloroacetic acid. The resulting 
precipitate was centrifuged and discarded while the supernatant was saved. A 1.5-ml 
portion of this supernatant was brought to pH 7.5, added to I.O ml of a human 
serum albumin solution (IO mg/ml) in modified Krebs-Ringer phosphate buffer and 
incubated at 37 ° for 4 h. The protein was precipitated with ~.o ml of 5o % trichloro- 
acetic acid, centrifuged, washed twice with 5 % trichloroacetic acid, filtered and dried. 
Oxidation and counting were carried out as described above. 

The labeled cells were washed three times, lysed with 15 mM Tris (pH 7-5) in a 
ratio of packed cells to Tris of I/4O, v/v, and centrifuged at 25ooo × g for 3o rain. 
This procedure was repeated three times with centrifugation for 15 min. A o.5-ml 
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Fig. i. Flow diagram for the preparation of radioactive fractions. (See text for details.) 

portion of packed cells per tube were employed in the incubations and ghost prepara- 
tions. The ghost suspension was adjusted to 1.5 ml and an aliquot of 0.5 ml was oxidiz- 
ed and counted as described above. Another aliquot of o.I ml was taken for protein 
determination by the method of LOWRY 14. Hemoglobin was determined by the pyri- 
dine hemochromogen method of REMMINGTON 15 as modified by DODGE et al. m. The 
scintillation mixture consisted of IOO g of naphthalene (J. T. Baker), 5 g of 2,5-di- 
phenyloxazole (New England Nuclear), 0.3 g of 1,4-bis-2-(4-methyl-5-phenyloxazolyl )- 
benzene (New England Nuclear), 730 ml of dioxane (J. T. Baker), 135 ml of toluene 
(Fisher) and 35 ml of methanol (Fisher). 

RESULTS 

Synthesis and characterization 
In a typical synthesis, [aH]PC was obtained in a yield of 50 % with a specific 

activity of 2.1 mC/mmole. A melting range of 80--82 ° was obtained for the synthetic 
product which compares closely with the value of 80.6 ° reported by FRANKLAND 12. 
A mixed melting point using a commercial preparation of PC (Aldrich) gave an 
identical range. 

[DHITNBS was obtained in an overall yield of 64% and a specific activity of 
4.2 mC/mmole. The melting range of 161-163 ° agreed with those obtained for two 
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commercial preparation~.(Pierce and Nutritional Biochemicals) but not with the value 
of 18o ° reported by  SATAKE TM. Additional characterization of the TNBS was carried 
out as described below. The derivatives, picramide and trinitrophenylglycine, were 
found to have melting points at 188 and 162 ° respectively, and RE values of 0.78 and 
0.44 respectively in the system butanol saturated with 5 % ammonia, all of which 
agrees with the values reported by  OKUYAMA 17. In addition, synthetic TNBS itself 
was found to have RF values in two systems--butanol-acet ic  acid-water (4:1:2, 
v/v/v), RF = 0.48; 1.5 M phosphate buffer, pH 5.4, RE = o.48--which agree exactly 
with those reported by OKUYAMA 17. In a thin layer chromatographic system which we 
developed for the separation of mono-, di- and trinitrobenzenesulfonic acids as well as 
picryl chloride, most (96 %) of the radioactivity of the product was recovered in the 
TNBS spot. This system employed Silica gel G (Merck) and a solvent consisting of 
benzene-ethyl acetate-formic acid (4o:45:15, v/v/v). The RF values obtained were 
as follows: nitrobenzenesulfonic acid, o.15; dinitrobenzenesulfonic acid, o.I9; TNBS, 
0.28; and PC, 0.95. The averages of the duplicate elemental analyses of the TNBS 
were as follows: C, 23.4; H, 1.65; N, 13.o; O, 49.8; S, 9.4%. CsH3N3Og"H2 O requires 
C, 23.1; H, 1.61; N, 13.5; O, 51.5; S, lO.O5 %. 

~c 3 

3LL 

~ ° t ' o  ' ~ ' ~ ' ~ ' 4 ' ~ ' -  
Time (h) 

Fig. 2. Time course of the incorporat ion of [3H]TNBS and [3H]PC into h u m a n  se rum albumin.  
I.O ml of h u m a n  serum albumin (o.2 mg/ml,  0. 3. lO -5 raM) in modified Krebs -Ringe r  phospha te  
buffer were incubated wi th  either 2.o ml of [ZHITNBS (31 /zg/ml; o.i mM, 2.06 mC/mmole) or  
2.0 ml of [3H]PC (25/~g/ml, o.I raM; 2.06 mC/mmole)  in modified Krebs -Ringer  phospha te  buffer. 
Bo th  reactions were carried out  at 37 ° and p H  7.4- Each point  represents  one experiment .  

Reaction with human serum albumin 
Fig. 2 shows the time course of the incorporation of each reagent when incubated 

separately with human serum albumin. Using the specific activity of 2.06 mC/mmole 
it can be calculated that  at 3 ° min about 11. 3 moles of each reagent have reacted, 
whereas after 4 h, 16.8 moles of TNBS and 33.2 moles of PC have reacted per mole of 
human serum albumin (mol. wt., 69 ooo). Both curves display two main regions--an 
initial rapid phase followed by a slower but extended phase. Table I shows that  pre- 
t reatment  of human serum albumin with PC for 4 h reduced the moles of TNBS react- 
ing per mole of human serum albumin from 18.4 to 3.8. The chromatographic separa- 
tions of the human serum albumin hydrolysis products showed tha t  80 % of the ap- 
plied radioactivity with both reagents appeared at the e-TNP-lysine spot with a small 
amount of radioactivity at the picric acid position and almost none at either the PC 
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T A B L E  I 

] ~ F F E C T  O F  P R E T R E A T M E N T  W I T H  PC ON R E A C T I V I T Y  O F  H U M A N  S E R U M  A L B U M I N  W I T H  [3H]TNBS 

The, value given for each group is the mean of 5 exper iments  -- S.E. All reactions were performed 
at 37 ° and p H  7.4- Group  A : i .o  ml of h u m a n  serum albumin (0.2 mg/ml) in modified Krebs -Ringe r  
phospha te  buffer was incubated for 4 h wi th  2.0 ml of modified Krebs -Ringer  phospha te  buffer 
followed by incubat ion with i.o ml of [3H]TNBS (0. 5 mg/ml,  2.06 mC/mmole) for 5 h. Group B: 
i.o ml of h u m a n  serum albumin (o.2 mg/ml) in modified Krebs -Ringer  phospha te  buffer was 
incubated for 4 h with 2.0 ml of unlabeled PC (5 ° / t g /ml )  followed by incubation with [3H]TNBS 
as in Group A. 

Group A Group B 

Disint . /min X lO -3 244 ± 13 5 ° 4- 5 

l~¢ [o le sTNBSreac t ed /molehumanse ruma lbumin  18. 4 . .  0.98 3.8 , ,  0.38 

or TNBS spots. In addition, parallel chromatograms of hydrolysates of TNBS- 
treated human serum albumin and PC-treated human serum albumin showed an 
identical distribution of radioactivity. 

Reaction with intact human erythrocytes 
Fig. 3 shows the amount of label found in the various fractions as a function 

of time during the reaction of the intact human erythrocytes with [3H]TNBS. At 60 
rain the recovery of label in the fractions isolated averaged 69 %. The label measured 
in the medium (free label and total activity of supernatant) dropped rapidly as the 

Fi I: li . . . . . . .  J , ,4  t 14o 

'~ b 41. I/~' " - - - r -  14 b 

25 N O  O N  
0 10 20 30 40  50 60 70 86 0 10 20 30 40  50  60  

Time (rain) T ime ( min ) 

Fig. 3. Radioact ivi ty  of various fract ions f rom ery throcyte  incubat ion sys tem as a funct ion of 
t ime during t r ea tmen t  wi th  [3H]TNBS. o. 5 ml of packed erythrocytes  was incubated wi th  4.0 ml 
of [3H]TNBS (26. 4/*g/ml. o.o85 mM, 2.02 mC/mmole) in modified Krebs -Ringer  phospha te  buffer 
a t  37 ° and p H  7.4. Tubes  were swirled gently during the incubation.  Each  tube contained 1. 5 mg 
ghos t  protein.  Most points  represent  the mean of 4 determinat ions  4 -S .E .  O - - O ,  ghosts;  
• - -  0 ,  hemoglobin ; • - - A ,  to ta l  superna tan t  ; A - -  A, free reagent. 

Fig. 4- Radioact ivi ty of various fractions f rom ery throcyte  incubat ion sys tem as a function of 
t ime during t r ea tmen t  wi th  [3H]PC. 0. 5 ml of packed ery throcytes  were incubated with 4.o ml 
of [3H]PC (21. 5 ffg/ml, 0.o87 mM, 2.o2 mC/mmole)  in modified Krebs -R inge r  phospha te  buffer 
at  37 ° and p H  7.4. Tubes  were swirled gently during the incubation.  Each tube  contained 1. 5 mg 
of ghost  protein.  Most points  represent  the mean of 4 determinat ions  ± S.E. O - - O ,  ghosts;  
O - - Q ,  hemoglobin;  ~k--~k, total  superna tan t ;  A - - A ,  free reagent. 
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reaction proceeded while there was a reciprocal rise in the activity found in the ghosts 
and hemoglobin. The contour of the activity curves for the hemoglobin and ghosts are 
similar but  it should be noted that  at 6o min the absolute activity in the ghosts was 
only about 2.5 % of that  of the hemoglobin fraction. 

Fig. 4 displays a similar set of curves but  derived from experiments involving 
PC. At 60 min the recovery of this label in the fractions isolated averaged 74 %. The 
curves for the ghosts and free reagent resemble those of Fig. 3 except that  changes 
early in the process occur much more rapidly. Thus 85 % of the free PC was exhaused 
in 2-3 min after the zero time, whereas the comparable drop in free TNBS was not 
reached until 15 rain. The total supernatant and hemoglobin curves also show very 
rapid early changes in label content but  differ in contour from the homologous frac- 
tions during the TNBS reaction. The total supernatant activity is peculiar in that it 
falls sharply at two min, rises at lO-2O rain, and then falls again gradually. The 
hemoglobin activity curve is likewise unusual, showing an initial rapid increase follow- 
ed by a small drop and then a gradual rise. For the experiments shown in Fig. 3, the 
total activity found in the ghosts in each experimental tube was 1. 5 times the numer- 
ator of the specific activity. Hence at 60 min the ghosts contained about 1. 7 % of the 
activity found in the hemoglobin. The incomplete recoveries of label from the experi- 
ments summarized in Figs. 3 and 4 were probably due to losses in the many manipula- 
tions of the erythrocytes and to uncounted derivatized small molecules in the hemo- 
lysates not precipitable with the hemoglobin. 

In agreement with DODGE et al. 15 varying amounts of hemoglobin averaging 
about 6 % were found in our ghost preparations. (See Table III). A representative 
value for the hemoglobin specific activity in a TNBS experiment at 60 min would be 
5" lO3 disint./min per mg. This is clearly less than the 13. lO 3 disint./min per mg of 
ghost protein given for a comparable time in the same experiment. However, the 
possibility that  a thin shell of high specific activity hemoglobin might be adherent to 
the ghosts, made it necessary to determine if the amount of hemoglobin in the ghosts 
affected their specific activity. We proceeded in two ways: (I) by comparing ghost 
activity and hemoglobin contamination in duplicate tubes and, (2) by comparing 
ghost activity and hemoglobin contamination in two experiments differing in the 
number of times the ghosts were washed. The results of the first method of examina- 
tion are given in Table II.  The second column gives the ratios of the per cent hemo- 

T A B L E  I r  

C O M P A R I S O N  OF G H O S T  S P E C I F I C  A C T I V I T Y  B E T W E E N  D U P L I C A T E  T U B E S  I N  T H E  S A M E  E X P E R I M E N T  

W I T H  D I F F E R I N G  A M O U N T S  OF H E M O G L O B I N  A S S O C I A T E D  W I T H  T H E  G H O S T S  

% Hemoglobin  is defined as mg hemoglobin/rag of to ta l  ghost  prote in  × ioo and the ghost  specific 
act ivi ty  is expressed as dis int . /min × io  -z per  mg of ghost  protein.  Tubes  A and B were duplicates 
in a single experiment .  Hemoglobin  and ghost  specific activities were measured as described in 
the tex t  on al iquots of the ghost  suspensions included in the data  of Figs. 3 and 4. E~ch value 
below is the mean of 5 determinat ions  -h S.E. 

Reagent % Hb cn Tube A Spec. act. of ghosts in Tube A 
% Hb in Tube B Spec. act. of ghosts in Tube B 

TNBS 2.4 nix 0-9 o.91 4- 0.02 
PC 2. 4 J~ 1. 4 i .oo n~ o . Io  
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globin contamina t ions  in single tubes to the per cent hemoglobin contaminat ions  in 

dupl ica te  tubes in the same experiment .  The  second colunm of figures gives the ratios 

for the corresponding ghost  specific activities.  I t  is clear tha t  tube pairs can be found 

in which hemoglobin contamina t ion  differs by  up to 2.4-fold on the average wi thou t  

any  change in the specific ac t iv i ty  of the ghosts. Table  I l l  shows the results of an 

exper iment  in which ghosts labeled with  T N B S  were prepared with  differing amounts  

of hemoglobin con tamina t ion  by  adjus t ing  the number  of washes on different aliquots.  

E v e n  though the hemoglobin contamina t ion  was decreased 6.4-fold by  one addi t ional  

wash, there  was almost  no change in specific ac t iv i ty  of the ghosts. In  all of these 

exper iments  the absolute recoveries per tube  of ghost  rad ioac t iv i ty  and the yields of 
the  ghost  protein remained  essentially constant .  

Table  IV summarizes  some quan t i t a t i ve  aspects of the labeling pat tern.  The 
calcula ted reservoir  of potent ia l ly  react ive  groups ( - N H  2 and - S H )  in the hemo- 

globin sink is seen to be about  60 t imes the number  in the plasma membrane  barrier,  

TABLE III 

C O M P A R I S O N  OF G H O S T  S P E C I F I C  A C T I V I T Y  B E T W E E N  T W O  P R E P A R A T I O N S  W I T H  D I F F E R I N G  A M O U N T S  

O F  H E M O G L O B I N  C O N T A M I N A T I O N  

% Hemoglobin is defined as mg hemoglobin/mg total ghost protein × IOO and the ghost specific 
activity is expressed as disint./min × io -~ per mg ghost protein. Hemoglobin and ghost specific 
activities were measured as described in the text on aliquots of ghost suspensions included in 
the data of Fig. 3. 

No. of % Hemoglobin* Specific activity 
washings of ghosts* * 

2 39.3 4- 2. 7 11.9 ± 0. 7 
3 6.0 4- 0. 3 13.6 ~ 0.2 

• Each value is the mean of 3 determinations i S.E. 
• * Each value is the mean of 6 determinations ± S.E. 

TABLE IV 

D I S T R I B U T I O N  OF L A B E L  I N  E R Y T H R O C Y ' T E S  

Potentially reactive groups were calculated as all amino and sulfhydryl groups as follows: For 
hemoglobin the number of lysines and cysteine residues per molecule were obtained from the 
amino acid analyses TM. The N-terminal residues were taken as four per molecule. For the ghosts, 
the lipid contribution was assumed to be entirely from the amino groups of phosphatidyl serines 
and phosphatidyl ethanolamines calculated from the values given by COOPER I~. For the ghost 
protein the total amino and N-terminal groups were calculated from the amino acid analysis of 
total ghost protein reported by ROSENBERG AND GUIDOTT120 and the figure of 1. 5 mg of ghost 
protein per o. 5 ml of erythrocytes reported in this paper; for the ghost sulfhydryls the value of 
VANSTEVENINCK et al31 for groups reacting with Hg ~+ was used. 

Fraction Potentially 12moles TNBS  tzmoles PC 
reactive groups bound/o.5 ml bound/o.5 ml 
(l*moles/o.5 ml erythrocytes erythrocytes 
erythrocytes) 

Hemoglobin 115 o.i8 (o.16%)* o.14 (o.i2 %)* 
Ghosts 1.89 0.004 (o.23 %)* 0.0024 (o.13 %)* 

* Percent of potentially reactive groups reacting in 6o min. 
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but  that  under the conditions employed no more than about 0.2 % in either component 
did indeed combine with label. Thus, even if 75 % of the calculated potentially react- 
ing groups prove inaccessible (as for TNBS with human serum albumin) a many-fold 
excess of target  groups would remain. In  several experiments after TNBS or PC in the 
medium were exhausted, the cells were resuspended in fresh buffer containing labeled 
reagent and incubated for a second hour. In all cases, the incorporation into ghosts for 
two pulses was double that  for one pulse, further supporting the contention that  the 
system was far from saturation. 

DISCUSSION 

The identity of the synthetic TNBS appears established by  direct chromato- 
graphy in two systems as described by OKUYAMA 17, by  characterization of two deriva- 
tives, picramide and trinitrophenylglycine a7 and finally by  elemental analysis. The 
difference in melting points between our range of 161-163 ° and the 18o ° reported by 
SATAKE 13 remains unexplained, but may  be due to hydration. I t  is interesting that  
the specific activities of both synthetic labeled compounds were at the theoretical 
max imum obtainable from ~3HlDNCB of 87 mC/mmole specific activity, indicating 
that  this starting material  carried no tri t ium on carbon six. 

The data  of OKUYAMA 17 and FREEDMAN 2~ appear to have established that  TNBS 
reacts exclusively with the sulfhydryl and pr imary amino groups of amino acids, 
peptides ,and proteins. The results of the chromatography of the acid hydrolysates of 
the TNBS-treated human serum albumin mentioned earlier in this paper further 
support  this position and establish covalent bonding at the e-amino group of lysine as 
the major  locus for this label. I t  is evident from the data of Fig. 2, from which it may  
be calculated that  16.8 moles of TNBS are incorporated per mole of human serum 
albumin after 4 h, that  only about 26 % of the 64 moles of free amino groups 23 were 
readily accessible to TNBS under our conditions. This value is a maximum which 
would be slightly reduced by any reaction with the fractional sulfhydryl (0.6-0.7) 
reported for human serum albumin2a, ~5. These results are parallel to the observations 
of GOLDFARB 26 using unlabeled TNBS and a spectrophotometric method. GOLDFARB 26 
reported the slightly higher value of 19.2 moles of readily available amino groups. 

The interpretation of the time course of the incorporation of E3HIPC shown in 
Fig. 2 in terms of accessible amino groups requires some preliminary comments re- 
garding specificity. This is so because although PC reacts readily with free pr imary 
amino groups it has also been shown to react with tyrosine and histidine residues by  
OKUYAMA 17, and human serum albumin (mol. wt. = 69000 ) has been found to contain 
15. 7 moles of histidine residues and 18.o moles of tyrosine residues per mole ~3. The 
prospect of interference from these two classes of residues does not appear to be very 
great however, for in studies of the reaction of PC with the free amino acids OKUYAMA 17 
also found that  the formation of 0-TNP-tyrosine and im.-N-TNP-histidine required 
much more rigorous conditions than the formation of products such as e-TNP-lysine 
which result from reaction with pr imary amino groups. In addition, IKENAKA 27 has 
reported that  the reaction of the related reagent dinitrochlorobenzene (DNCB), to 
produce O-DNP-tyrosine and im.-N-DNP-histidine is greatly reduced below pH 8, 
reaching essentially no: reaction at all with Taka-amylase A at pH 7- Finally, we have 
found that  8o % of the radioactivity from PC-treated human serum albumin acid 
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hydrolysates was in the chromatographic location fore-TNP-lysine with a distribution 
identical to that  obtained with the TNBS hydrolysates. Therefore barring special 
properties of histidyl and tyrosyl residues in serum albumin m, it appears likely that  the 
bulk of the PC label was associated with free amino groups of human serum albumin. 

With these qualifications in mind, Fig. 2 can be interpreted to mean that  PC 
reacted with about twice as many  free amino groups as TNBS during a 4-h incubation. 
A partial answer to the question of whether the two reagents combine with the same 
or different amino groups is given by  the data in Table I. There it is shown that  PC 
pre-empted all but  four of the groups available to TNBS. I t  is an at tractive hypothesis 
to suppose that  in addition to reacting with most of the amino groups in relatively 
exposed positions, the PC because of its apolar character would have had easier access 
to many  of the amino groups "buried" in the apolar regions of the human serum 
albumin molecule. Possibly these would have been in the hydrophobic regions de- 
scribed by  FOSTER 29. The alternative hypothesis, that  unlike TNBS, the PC caused 
conformational changes which exposed additional amino groups, cannot be excluded 
by the data available. 

Fig. 3 shows that  the concentration of free [3HITNBS in the medium dropped 
rapidly during the early minutes of incubation with the erythrocytes and that  simul- 
taneously the label appeared in combination with the hemoglobin and ghosts, although 
some remained in the medium in a form other than free starting reagent. As the 
concentration of free [3H]TNBS dropped the reaction rate slowed and by 60 min 
had essentially ceased. A schematic diagram of such a system involving a penetrating 
reagent is shown in Fig. 5- I t  consists essentially of three compartments:  (I) a source, 
(2) a barrier and, (3) a sink. In the case of the incubation of erythrocytes in phosphate 

Outside Mernbrcne Inside 

Supernatant 
sink • 

Fig. 5. Schematic diagram of the compartments of the erythrocyte incubation system. The areas 
are coded to match Figs. 3 and 4. 

buffer containing TNBS, the source is the incubation medium, the barrier is the plasma 
membrane of the erythrocyte, and the sink is the hemoglobin and other molecules 
inside the erythrocyte whose sulfhydryl and amino groups react with the entering 
TNBS. Labeling of a membrane by  a penetrating radioactive derivatizing reagent 
can occur at the outer surface adjacent to the source, at the inner surface adjacent to 
the sink compartment,  or anywhere on the pathway of transit taken by  the reagent 
through the membrane. The degree of labeling will depend upon the effective con- 
centration maintained by  the reagent in each zone of the membrane, the accessibility 
of the target groups, and the intrinsic rate of the reaction. For any individual reagent 
the relative effect of these factors may  be difficult to determine. Consideration of this 
general model, as well as the data presented in this paper, emphasize that  the con- 
centration of a penetrating reagent in the medium may  fall quite rapidly during in- 
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cubation. The rate of fall will depend upon the concentration of the reagent added, 
the volume of the extracellular compartment, the permeability of the membrane, the 
number of reactive groups on the membrane and their rate of reaction, and the mass 
and reaction rate of the sink components. Recently KRUPKA s° has presented evidence 
that  during incubation of erythrocytes with dinitrofluorobenzene, the concentration 
of the reagent may fall sufficiently to affect important kinetic conclusions regarding 
the rate of inhibition of glucose transport by this reagent. 

The reciprocal contours of the curves for the incorporation of E~H]PC in the 
hemoglobin and total supernatant fractions in Fig. 4 suggest that  these two compo- 
nents may have been exchanging label. The finding that dinitrofluorobenzene, TNBS 
and related compounds ~1 are hydrolyzed by human erythrocyte carbonic anhydrases 
makes it possible to propose the following mechanism: Upon entry into the erythro- 
cyte the PC is hydrolyzed to picric acid which quickly diffuses out and is measured 
at intermediate times in the total supernatant. A slow reaction of picric acid with 
hemoglobin would then reverse the flow, explaining the return to higher activities 
in the hemoglobin at 60 miD. The failure to find a similar effect with TNBS may be 
due to a slower rate of penetration, slower hydrolysis, or both. 

Examination of the ghost specific activity curves for [DH]PC in Fig. 4 suggests 
that  the derivatization reaction was complete within 3 miD. The more rapid entry of 
the relatively apolar and uncharged PC is consistent with the general rule that passage 
through the erythrocyte membrane is favored for low polarity compounds. The 
theory of dual passage for non-electrolytes 11 suggests that for simple diffusion, the 
erythrocyte membrane behaves as a mosaic having polar and apolar tesserae, and that 
the lipid soluble compounds pass through the apolar tesserae. Whether PC and TNBS 
take the same or different paths in transit through the erythrocyte membrane cannot 
be decided from the data presented here. However, it seems reasonable to suppose 
that, by analogy with their behavior towards human serum albumin, the PC would 
have more ready access to apolar regions in the membrane while the polar regions 
would be more accessible to TNBS. 

The conceptual approach emphasized in this paper involving total system 
analysis would appear to have general application in the interpretation of derivatiza- 
tion experiments on whole cells and cell fractions employing penetrating reagents. 
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