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Zinc Binding, Circular Dichroism, and Equilibrium 
Sedimentation Studies on Insulin (Bovine) and Several of Its 
Derivatives? 
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ABSTRACT: Physicochemical studies performed on insulin 
and its derivatives are correlated with the corresponding bi- 
ological activities and with the three-dimensional structure 
of the crystalline hormone. Equilibrium dialysis of the bind- 
ing of 65Zn by insulin at pH 8.0 showed heterogeneous 
binding which could be attributed to two classes of binding 
sites characterized by stoichiometries ( n  in g-atoms/mole 
of insulin monomer) and apparent association constants ( K  
in M - ~ )  of 0.92 ( n l ) ,  1.86 X lo5  ( K l )  and 1.76 ( n z ) ,  7.3 X 
I O 3  ( K 2 ) .  At pH 8.0, de~Asn~~~-desAla~~~-insulin and tri- 
MetAo,Bo,'-B29-insulin, derivatives with significantly de- 
creased hormonal activities, exhibited the heterogeneous 
binding characteristic of insulin a t  this pH. Thus, the abili- 
t y  to bind zinc in a manner similar to insulin is not in itself 
a sufficient criterion for exhibiting the hormonal activity. 
This along with other considerations strongly suggests that 
zinc is not essential for the hormonal effects of the mole- 
cule. At pH 8.0, deso~tapeptide~~~-~~-insulin exhibited ho- 
mogeneous binding with stoichiometry of 1.7 1 and an asso- 
ciation constant of 3.81 X I O 4  M-I. The circular dichroism 
spectrum of insulin shows negative minima at 208, 222, and 
273 nm and fine structure represented by shoulders at 256, 
262, and 283 nm. The first two bands are assigned to a-he- 
lical and @-structure contributions while the remaining cir- 
cular dichroism minima are considered to arise from aro- 
matic side chains. The ellipticity bands a t  222 nm and those 
in the aromatic region of the spectrum show a dependency 
on protein aggregation. Perturbation by Zn2+, Mg2+, Fe2+, 

T h e  correlation of structure and function of insulin de- 
pends on a detailed chemical and physical characterization 
of the native hormone and its cellular receptor(s). Very im- 
portant contributions in this regard were made by the eluci- 
dation of the primary structure of insulin by Sanger and his 
collaborators (Sanger et al., 1955; Ryle et al., 1955) and 
more recently, of the secondary, tertiary, and quaternary 
structure of the crystalline hormone (Adams et ai., 1969; 
Blundell et ai., 1971). A review of the relationship between 
the crystal structure and the chemistry and biology of insu- 
lin has recently appeared (Blundell et ai., 1972). 

This report is concerned with a comparison of the zinc 
binding and circular dichroic and aggregation behavior 
of bovine insulin with three of its derivatives: desoctapep- 
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Cu2+, Pb*+, Mn2+, Co2+, Cd2+, and Ni2+ ions occurs to 
the 208-nm minimum and to the aromatic bands. Similar 
studies on deso~tapeptide~~~-~~-insulin, desAsnA21-des- 
AlaB30-insulin and triMetAo,Bo-E-B29-insulin showed signifi- 
cant differences from insulin particularly noticeable in the 
222-nm band and in the aromatic region. The latter has a 
smaller magnitude and shows either slight or no perturba- 
tion by zinc ions. The data from equilibrium sedimentation 
experiments was fit to a monomer-dimer-tetramer-hexam- 
er aggregation mechanism for zinc-free insulin in agree- 
ment with the structure of the crystallographic unit cell and 
its symmetry relationships. Apparent association constants 
for the formation a t  pH 8 of dimers, tetramers, and hexam- 
ers are estimated to be K 1 2  = 2.22 X lo5  M - I ,  K 2 4  = 40 
M-I,  and K46 = 220 M-' .  Desoctapeptide-insulin does not 
aggregate. Both desAsn-desAla-insulin and triMet-insulin 
exhibited significantly smaller association constants for 
dimer formation as compared with that for insulin. Using a 
scheme of aggregation involving monomer-dimer-trimer- 
tetramer, the calculated apparent association constants cor- 
responding to desAsn-desAla-insulin and triMet-insulin 
were K l z  = 1.74 X I O 3  M-', K23 = 1 . 1 1  X IO'  M - I ,  and 
K34 = 0.03 X I O 3  M-I,  and K l z  = 4.83 X 10' w- l ,  K?3 = 
1.23 X I O 3  M-I,  and K 3 j  = 1.97 X I O 3  M - I ,  respectively. 
The changes in circular dichroic and sedimentation proper- 
ties of the insulin derivatives studied here suggest a struc- 
tural as well as a hormonal role for asparagine-A21 and 
components of the B23-30 octapeptide. 

tideB23-30-insulin, d e ~ A s n ~ ~ ~ - d e s A l a ~ ~ ~ - i n s u l i n ,  and tri- 
MetAo~Bo~f-B29-insulin. The hormonal activities of these de- 
rivatives are approximately l ,  5 ,  and 50%, respectively, of 
that of insulin. These measurements were made to deter- 
mine relationships between physical properties and hormon- 
al activity of the molecules. Observations on insulin are ra- 
tionalized in terms of the three-dimensional structure in an 
attempt to examine the relatedness of the crystalline and 
dissolved forms of this protein. 

Experimental Section 
Materials and Methods. Crystalline zinc insulin of bo- 

vine origin was a gift from Eli Lilly and Co. (lots OLVOO 
and PJ-7462). Insulin hydrochloride was made according to 
Carpenter ( 1958). D e ~ o c t a p e p t i d e ~ ~ ~  30-insulin was pre- 
pared using a modification of the procedure of Young and 
Carpenter ( 1961) which involved hydrolyzing zinc-free in -  
sulin ( 1  mg/ml) with I-tosylamidophenyl chloromethyl ke- 
tone treated-trypsin (Carpenter, 1967) a t  an insu1in:trypsin 
ratio of 50:1 in 0.001 M CaC12 on a pH-Stat a t  pH 9.5 for 4 
hr a t  25O. The procedure of Slobin and Carpenter (1963a) 
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was used to make de~Asn~~*-desAla~~~-insulin. The latter 
two compounds were purified by DEAE-Sephadex chroma- 
tography using the conditions of Bromer and Chance 
(1967) with a change in pH to 8.1 and, in the case of 
desAsn-desAla-insulin, using a 0.02-0.15 M NaCl gradient. 
The eluates from chromatography were freed of urea and 
salts by extensive dialysis against deionized, distilled water 
and the products were. isolated by lyophilization. Tri- 
MetAo.Bo,f-B29-insulin (LcvyjandCarpenter, 1966,1967) wasa 
preparation of Mr. Stanley Shiigi of this laboratory. All of 
these derivatives were characterized by their amino acid 
composition which was found consistent with the theoretical 
values (Goldman, 1971). The zinc content was measured by 
atomic absorption spectrophotometry. Crystalline zinc insu- 
lin (lot no. OLVOO) contained 0.57 g-atom of zinc/mono- 
mer. The insulin hydrochloride and other insulin derivatives 
contained less than 0.003 g-atom of zinc/monomer. Ra- 
dioactive zinc was obtained as a solution of [65Zn]C12 in 1 
N HCI from International Chemical and Nuclear Corp. 

Measurement of Zinc Binding. Equilibrium dialysis ex- 
periments were performed with cylindrical lucite cells de- 
signed similarly to those described by Myer and Schellman 
(1962). Cellophane membranes were cut from Visking dial- 
ysis tubing (18/100) and handled prior to use according to 
Changeux et al.,  (1968). Trace metal contamination was 
avoided as recommended by Thiers (1957). Preliminary ex- 
periments intended to determine the time necessary to 
reach equilibrium were carried out by incubating paired di- 
alysis cells in which identical amounts of ligand had been 
added to either the protein-containing or the protein-free 
compartments. Equilibrium was considered to be attained 
when the free zinc concentration was identical in both cells 
of a pair. This was found (Goldman, 1971) to take a mini- 
mum of 12 hr at 30'. Incubations were performed at 30 f 
1 ' and radioactivity counting was carried out in a well scin- 
tillation counter (Model 810A) attached to a scalar Model 
135 of Baird Associates Atomic Instruments Co., Cam- 
bridge, Mass. 

Calculations on binding data were made according to the 
equation (Klotz, 1953) 

l/r = (l/nK)(1/[Znl*,,,) + l/n 
where r stands for the number of g-atoms of zinc bound/ 
mole of protein, [Zn]free is the molar concentration of free 
zinc, K is the apparent association constant in M - I ,  and n 
represents the apparent stoichiometry of binding in g-atoms 
of zinc/monomer. Electrostatic effects on the binding of the 
metal ions were not corrected for in  the calculations. Breaks 
in the double reciprocal plots indicated the existence of 
multiple classes of binding sites with different affinities for 
zinc. Therefore, calculations on the lowest affinity sites 
were performed after subtracting the contribution of the 
highest affinity sites to the overall metal binding. Pertinent 
portions of the double reciprocal plots were fitted with a 
straight line function using the least-squares method and a 
Fortran IV computer program. A report by Klotz and Hun- 
ston (1971) on graphical representation of multiple binding 
sites, which appeared after our calculations were completed, 
indicates that the significance of the parameters calculated 
by the above procedure should be viewed with caution. 
However, when there is over a 100-fold difference in the ap- 
parent binding constants, as was indicated in these studies, 
the parameters approach the expected significance. 

Circular Dichroism ( C D )  Studies. C D  measurements 
were performed on a Cary Model 60 spectropolarimeter fit- 

ted with a Model 6002 C D  accessory. Cylindrical quartz 
cells of optical path lengths varying from 0.01 to 5.00 cm 
were used. Mean residue ellipticities ( [ 6 ] ~ )  were calculated 
from the expression 

[e], = O,Mo/Cl 
where 6~ is the observed ellipticity a t  wavelength A, Mo is 
the mean residue molecular weight which for insulin and its 
derivatives was calculated to be 112, C is the protein con- 
centration in g/ml, and I is the optical path length in cm. 
All measurements were made at 27'. 

Solutions were prepared by dissolving the protein in  CO2- 
free, distilled, deionized water and adjusting the pH and 
total volume to the desired values. Insulin concentrations 
were determined spectrophotometrically using an extinction 
coefficient of 10.4 at 278 nm and pH 8.0 for solutions hav- 
ing approximately 1 mg of insulin/ml. In the case of insulin 
derivatives, this extinction coefficient was corrected for dif- 
ferences in tyrosine content and/or molecular weight. 

Ultracentrifuge Experiments. Sedimentation equilibrium 
experiments were conducted according to Van Holde and 
Baldwin ( I  958) in a Spinco Model E analytical ultracentri- 
fuge equipped with absorption optics and a photoelectric 
scanner recording system. Avoidance of trace metal con- 
tamination was accomplished according to Thiers ( 1  957). 
All ultracentrifuge experiments were carried out with solu- 
tion column heights of 3 mm. Protein solutions were di- 
alyzed against buffer for at least I6 hr at 4' and dilution of 
the samples was performed using the dialysate. Base-line 
scans were obtained in all cases as soon as the rotor attained 
the speed set for the experiment (24,000 rpm). The pen de- 
flections calibrated into optical density units were correlat- 
ed with the corresponding initial protein concentrations. 
Thus, protein concentrations could be calculated under the 
instrumental conditions of the experiments and checks on 
the linearity of pen deflections with regard to protein con- 
centration could be made in each experiment. Monochro- 
matic light of 232, 280, and 295 nm was used depending on 
whether low, intermediate, or high initial protein concentra- 
tions were used, respectively. This fact minimized the possi- 
ble error in the calculation of protein concentrations which 
could arise due to the perturbation of the absorption spectra 
in the aromatic region occurring, especially at low protein 
concentrations, as a result of association-dissociation phe- 
nomena (Rupley et al.,  1967). I n  preliminary experiments, 
recordings taken after 18 and 24 h r  of running the samples 
in the ultracentrifuge gave essentially identical molecular 
weight values and, therefore, 18 hr was the minimum time 
used in all experiments thereafter. 

Treatment of the Ultracentrifuge Data. The solutions of 
insulin and its derivatives studied were assumed to be two- 
component, thermodynamically ideal systems and the ef- 
fects of pressure and charge were disregarded. Molecular 
weights were estimated from the equation of Svedberg and 
Pederson ( 1940) 

M w ' r )  = [mT/(l - v p ) ~ ~ ] d  In c") /dr2  (2) 
where Mw(r )  is the apparent weight-average molecular 
weight, R is the gas constant, T is the absolute tempera- 
ture, ij is the partial specific volume, p is the density of the 
solvent, w is the angular velocity, and c is the protein con- 
centration at  a point in the cell located at r centimeters 
from the axis of rotation. In all calculations a value of 3 = 
0.72 ml/g was used for insulin (Oncley et al . ,  1952), and 
the same value was assumed for all the associating units 
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and the derivatives of insulin. In order to evaluate the term 
d In c ( r ) /dr2  in eq 2, the linear regression of the log c vs. r 2  
data was undertaken applying a least-squares procedure 
with the polynomials 

log c'+) = e p# (3 ) 
i =  0 

where X = r 2  and n = 1, 2, 3. The coefficients pi were fit- 
ted by linear regression using computer programs available 
from the Berkeley Computer Library (Iscal, R. (1969), G 2  
Cal Regress Program, Computer Center Library, Universi- 
ty of California, Berkeley; O'Connel, B. (1968), G 2  Cal 
Cova Program, Computer Center Library, University of 
California, Berkeley). Three polynomials of first, second, 
and third degrees were thus obtained, and the best fit was 
decided from the estimated root mean square deviation 
(Hildebrand, 1956a). A third degree polynomial was chosen 
in most cases, reflecting the nonlinear point distributions 
with an  upward curvature of log c vs. r 2  for the plots of in- 
sulin, desAsn-desAla-insulin and triMet-insulin systems 
which showed association-dissociation phenomena. Term- 
wise differentiation of the fitted polynomial as  a function of 
X ( =  r 2 )  and substitution of the appropriate value of X pro- 
vided the numerical values of the term d log c(')/d r?. 
Weight-average molecular weights were then calculated as 
a function of protein concentration using eq 2. 

Analysis of Self-Associating Systems. The aggregation 
scheme of ideal, associating systems of uncharged mole- 
cules in which one monomeric unit is added a t  a time has 
been described by Steiner (1952) by means of the expres- 
sion 

6!,/xI = 1 4K1,(xlc/M1) + gK12K23(%lc/Ml)2 + 
16K&,J'& ( X ~ C / ~ , ) ~  -L . . . (4) 

where &, is the ratio of the weight-average molecular 
weight over the molecular weight of the monomer M I ,  X I  is 
the mole fraction of the monomer a t  concentration c, and 
K l l ,  K23. K34. etc., are the association constants for the 
formation of dimers, trimers, tetramers, etc., respectively. A 
version of eq 4 derived by Jeffrey and Coates ( 1  966) who 
considered an  aggregation mechanism involving the forma- 
tion of a dimer which then becomes the aggregating unit is 
expressed mathematically by the expression 

Ct,/,yt = 1 -L ~ K I ~ ( X ~ C / M ~ )  + 
1 6 K i 2 2 K z , ( ~ i c / ~ v i ) 3  -C 36K123K24K46(~i~/M1)5 + . . . 

(5) 

- 

where all the symbols are defined similarly as for eq 4. In eq 
4 and 5 the variables amenable to experimental measure- 
ment are M,, and M I ,  from which the average degree of 
polymerization &, is calculated, and the concentration c. 
The mole fraction of the monomer x I, on the other hand, is 
not directly measurable but can be calculated from the ex- 
pression (Steiner, 1952) 

In (xl,c/xf,o) = [((Y;* - l ) / c ] d c  (6) L: 
in the case of both eq 4 and 5. The integral in eq 6 was cal- 
culated by fitting a plot of (ah,-i - l ) / ~  vs. c with appro- 
priate arbitrary functions (Goldman, 1971) using a Fortran 
IV nonlinear regression program available from the Berke- 
ley Computer Library (Baer, R. M. (1967), G 2  Cal NLin 
Program, Computer Center Library, University of Califor- 
nia, Berkeley) and integrating numerically these functions 

I /  x 10-5 (GRAM-ATOMS-'  x L I T E R )  

F I C b R E  I: Double reciprocal plot of the binding of zinc b! insulin a t  
pH 8.0. The dashed lines represent the linear least-squares fits of the 
independent contributions of the two classes of zinc binding site5 dis- 
cernible under the conditions of the experiment. The studies were per- 
formed at  an insulin concentration of 0.5 mM in 0.169 M Tris-chloride 
buffer a t  pH 8.0, = 0. I 

by means of another Fortran I V  program (Hutchinson, D. 
(1967), D1 Cal Quad Program, Computer Center Library, 
University of California, Berkeley) which uses the Newton- 
Coates method (Hildebrand, 1956b). The numerical values 
of X I  as a function of c were thus obtained and the terms 
&,/xl and xlc/M1 of eq 4 and 5 were calculated. These 
data were fitted to the polynomials (4) and (5) describing 
the self-association models using the nonlinear regression 
Fortran I V  program of Baer (see above). All possible niech- 
anisms of aggregation up to the hexamer were tested. The 
minimum least-squares sum of the deviations plus an agree- 
ment better than 600 between the predicted and observed 
molecular weights over the entire concentration range were 
used as criteria for best fit. 

Results 
Binding of Zinc by insul in at p H  8.0. A double recipro- 

cal plot of the binding of zinc by 5 X 10-4 M insulin at pH 
8.0 is given in Figure 1. The existence of multiple binding 
sites with different affinities for the metal is apparent from 
the data distribution into two nearly straight line segments 
with a breaking point in between. As seen in Table I .  two 
classes of zinc binding sites are apparent in insulin a t  this 
pH. The site of highest affinity (site 1) shows an apparent 
stoichiometry ( n  1 ) of nearly 1 g-atom of zinc/mol of insulin 
and an apparent association constant ( K I )  of 1.86 X I O 5  
M - I .  For the sites of lowest affinity (site 2), nz amounts to 
1.76 g-atoms of zinc/mol of insulin and K2 i s  equal to 7.3 X 
I O 3  M - I .  In the concentration range of zinc where site 2 
began to be occupied by the metal, precipitation of insulin 
was observed. However, precipitation did not coincide with 
the concentration of zinc a t  which the breaking point in the 
double reciprocal plot occurred which indicated that the lat- 
ter was not an artifact. 

Binding of Zinc by DesAsn-desAla-insulin at p H  8.0. 
The pattern of zinc binding by desAsn-desAla-insulin is 
very similar to that of insulin (Figure 2) .  At pH 8.0 hetero- 
geneous binding characterized by values of nl = 0.97 and 
K i  = 3.78 X 10' M - I  for site 1, and n2 = 1.46 and K2 = 
6.49 X I O 3  M - I  for site 2, were observed. Analogously to i n -  
sulin, protein precipitation occurred when site 2 started to 
interact with zinc. 

Binding of Zinc by TriMet-insulin at p H  8.0. TriMet- 
insulin also resembled insulin very closely in its pattern of 
zinc binding a t  pH 8.0 (Figure 2 ) .  The values of n l  and K I  
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TABLE I :  Zinc Binding by Insulin and Its Derivatives at  pH 8.0. 

Site 1 Site 2 

Kl KZ 
Derivative nl (M-~) n2 ( M - ~ )  

Insulin 0 .92 1.86 X lo5 1.76 7 . 3  X lo3 
DesAsn-des Ala- 

insulin 0.99 3.78 X lo5 1.46 6 .5  X l o3  
TriMet-insulin 1.03 1.89 X lo5 2.33 7 . 0  X lo3 
Desoctapeptide- 

insulin 1.71 3 .8  X lo4 

were found to be 1.03 and 1.85 X lo5 M - I ,  and of n2 and 
K:! were equal to 2.33 and 6.98 X lo3 M-l, respectively 
(Table I). As was found in the case of insulin and desAsn- 
desAla-insulin, triMet-insulin also underwent precipitation 
at average saturations higher than 1 g-atom of zinc/mol of 
protein. 

Binding of Zinc by Desoctapeptide-Insulin at p H  8.0. 
Unlike native insulin, desoctapeptide-insulin showed homo- 
geneous binding of zinc (Figure 3). A stoichiometry of 1.71 
g-atoms of zinc/mol of protein and an apparent association 
constant of 3.8 1 X lo4 M-I were estimated. Protein solubil- 
ity was observed over a wider range of zinc concentration 
than in the case of insulin. 

Circular Dichroism Studies. The circular dichroic spec- 
trum of insulin under various experimental conditions is 
given in Figure 4. At pH 8.0, 5 X 10-4 M zinc-free insulin 
showed negative minima at  208, 222, and 273 nm and spec- 
tral fine structure was represented by shoulders at  256, 262, 
and 283 nm. Addition of 2.5 X M ZnSO4 induced a 
decrease in the intensity of the dichroic minimum at 208 
nm and an increase at  273 nm, with a small bathochromic 
shift to 275 nm in the latter and conservation of the pattern 
of fine structure in the 250-300-nm region of the spectrum. 
In zinc-free insulin, a 200-fold dilution brought about a de- 
crease in the troughs at 222 and 273 nm. The addition of 
ZnS04 to the dilute insulin solution (2.5 X M) at a 
final concentration of 1.12 X M also decreased the 
minimum at 208 nm with no effect at 222 nm. 

The effect of pH on the CD of zinc-free insulin is given in 

0 0  10 2 0  
i / [znlFree x 1 0 - 5  (GRAM-ATOMS-lx LITER) 

FIGURE 2: Double reciprocal plots of the binding of zinc by desAsn- 
desAla-insulin (0 )  and triMet-insulin (0) at a concentration of insulin 
derivatives of 0.5 m M  in  0.169 M Tris buffer at pH 8.0, p = 0.1. The 
dashed lines represent the linear least-squares fits of the independent 
contributions of the two classes of binding sites: (- - -) desAsn-desAla- 
insulin and (- - - -) triMet-insulin. 

I " " ]  
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FIGURE 3: Double reciprocal plot of the binding of zinc by desocta- 
peptide-insulin at 0.5 mM concentration in 0.169 M Tris at pH 8.0. 

Figure 5. The spectrum at pH 2.0 was virtually superimpo- 
sable to the one at pH 8.0. At pH 11.0, the CD of insulin 
underwent substantial changes characterized by the loss of 
structure in the 250-300-nm range where the minimum at 
273 nm was reduced to a small shoulder superimposed on a 
steep and almost featureless curve. 

A miscellany of metal ions other than zinc were also 
studied with regard to their effect on the CD of insulin as 
shown in Figure 6. Thus, Fe2+, Cu2+, Pb2+, Mn2+, Co2+, 
Cd2+, and Ni2+ increased to various extents the magnitude 
of the minimum at 275 nm. Addition of Fe3+ and Mg2+ 
ions did not alter significantly the CD spectra of insulin. 
The-CD of 5 X M desoctapeptide-insulin at pH 8.0 is 
shown in Figure 7. In the absence of metal ions, the minima 
at 222 and 273 nm and the fine structure in the 250-300- 
nm range were significantly decreased as compared with in- 
sulin. Zinc ions did not perturb the CD spectra of desocta- 
peptide-insulin. 

DesAsn-desAla-insulin exhibited a dichroic spectrum 
(Figure 8) similar to that of desoctapeptide-insulin. Under 
the same experimental conditions of pH and protein con- 
centration, it showed in the absence of zinc a decrease in the 

1 ' 1 ' 1 ' 1  1 ' 1  I 20 CIRCULAR DICHROISM OF INSULIN (pH 8 0 )  

[ I ,  I 
Zn-Free 

1 1  I ,  ~. I , ,  , I -  
200 210 220 230 240 250 260 270 280 

X ( n m )  

FIGURE 4: Circular dichroism of insulin at pH 8.0. Zinc-free insulin 
and ZnS04 were used at the concentrations indicated in  the graph. 
Vertical bars represent the noise level. 
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F I G U R E  5 :  Effect of pH on the circular dichroism of insulin. Concen- 
tration of zinc-free insulin was 5 X M. Vertical bars represent the 
noise level. 

minima a t  222 and 273 nm, with regard to insulin, and the 
fine structure in the 250-300 nm range was markedly di- 
minished. Zinc ions produced a small but significant atten- 
uation of the 208-nm band. C D  spectral measurements on 5 
X IO-4  M triMet-insulin a t  p H  8.0 resembled that of native 
insulin. Although a small decrease in the magnitude of the 
minima a t  222 and 273 nm was observed, the fine structure 
i n  the 250-300-nm region was still present (Figure 9). In- 
teraction with 2.5 X loF4 M ZnS04 resulted in a decrease 
of the 208-nm minimum and an increase in the negative 

250 260 270 200 290 300 

x ( n m )  
F l G L R E  6: Metal ion effects on the circular dichroism of insulin. Ex- 
periments were performed at  5 X M zinc-free insulin at pH 8.0. 
The noise level is represented by vertical bars. 
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J i  

j 
- 3 0 0 h  , I , , , , 1 

250 260 270 280 290 300 
A ( n m i  

i 

I , , ,  

A l n m )  

FIGURE 7: Circular dichroism of desoctapeptide-insulin. Protein and 
ZnS04 concentrations are indicated in the graph. Vertical bars repre- 
sent the noise level. 

200 210 220 230 240 250 260 270 280 

band at 273 nm (Figure 9). 
Equilibrium Sedimentation Studies. The dependence of 

the weight-average molecular weight of zinc-free insulin on 
protein concentration is shown' in Figure 10. In  the same 
figure, the continuous line represents the best fit obtained 
with a monomer-dimer-tetramer-hexamer model of aggre- 
gation using eq 5 and the assumption of a monomer molecu- 
lar weight of 5800. The corresponding association constants 
are given in Table 11. All the other models tested, namely 
aggregation schemes involving all the intermediate steps of 
a monomer associating up to a hexamer species (eq 4) and a 
monomer-dimer-tetramer mechanism gave either negative 
values for some of the constants or fits less satisfactory than 
that obtained with the monomer-dimer-tetramer-hexamer 
scheme. 

Data from sedimentation equilibria experiments per- 

2ok CD OF DES-ASNAz'-DES-ALAB30-INSULlN (5XlO- 'hj .  ph 801 

' , " , ' l ' I ' j  

A ( n m )  

F I G U R E  8: Circular dichroism of desAsn-desAla-insulin. Experimental 
conditions were similar to those in Figure 4. 
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F I G U R E  9: Circular dichroism of triMet-insulin. The experimental 
conditions were similar to those in Figure 4. 

formed at  several initial concentrations of zinc-free desocta- 
peptide-insulin gave straight lines when plotted as log c vs. 
r 2 .  The molecular weight of this derivative of insulin was 
calculated from the slope of these plots and found to be 
5300, in reasonable agreement with the values obtained 
from the amino acid composition (4822). 

The results of similar experiments with zinc-free desAsn- 
desAla-insulin and triMet-insulin are shown in Figure 11, 
Assuming molecular weights of 5500 and 6100 for desAsn- 
desAla-insulin and triMet-insulin, respectively, the model 
fitting best the data on these two derivatives was found to 
be a monomer-dimer-trimer-tetramer mechanism in both 
cases. The values for the corresponding association con- 
stants are given in Table 11. 

Discussion 
The equilibrium dialysis experiments on zinc binding by 

insulin reported in this paper are in agreement with previ- 
ous workers (Cunningham et a/., 1955; Summerell et al., 
1965) in that at  pH values around 8.0, insulin exhibited het- 
erogeneous binding which indicates the presence of several 
binding sites. When the data were analyzed by the recipro- 
cal plot of Klotz (1953), two types of sites with different af- 
finities and stoichiometries were indicated. At pH 8.0 the 
site with the strongest affinity for zinc (site 1) exhibited a 
stoichiometry of binding approaching 1 g-atom of zinc/ 
monomer while the weakest binding site (site 2) had a stoi- 
chiometry approaching 2 g-atoms/monomer. Thus at pH 
8.0, insulin is capable of binding a total of 3 g-atoms of 
zinc/monomer. These results show that the specific binding 
of zinc as found in the X-ray studies of 2 zinc insulin 
(Adams et al., 1969; Blundell et a/., 1971) is a feature of 
this particular crystalline form and does not represent the 
total capacity of the molecule to bind zinc ions nor the only 
manner in which zinc ions can be bound in other experi- 
mental conditions. These conclusions are supported by re- 
cent studies of Grant et a/. (1972) which appeared after the 
present work was completed. Grant et al. (1972) compared 
the zinc ion binding of porcine insulin with porcine proinsu- 
lin at  pH 7.0 and also determined the effect of zinc ion on 
the aggregation of the molecules. Low concentrations of 

1 Z I N C  FREE INSULIN  

zinc ions, where approximately 0.3 g-atom/monomer is 
bound, promoted the specific formation of hexameric 
species for both molecules. Some of the binding studies of 
Grant et a/. (1972) were conducted at  concentrations of 
zinc ions somewhat lower than those reported here. They 
measured zinc ion binding at concentrations which yielded 
ratios of free to bound ions of 0.01-0.1 free:l bound where- 
as most of our measurements as well as some of those of 
Grant et a/. (1 972) were conducted in  concentrations which 
yielded ratios of 0.1-10 free:l bound. From the data for in- 
sulin involving ratios of free to bound zinc ions of less than 
0.1, Grant et af. (1972) calculated an apparent association 
constant of 1.9 X lo6 M-* with a capacity for zinc ion of 
0.284 g-atom/monomer. Our data did not reveal this frac- 
tional site. When Grant et al. (1972) used concentrations 
which yielded ratios of free to bound zinc ions greater than 
0.1, their results for pH 7.0 indicated that the insulin bound 
a total of 1.0 g-atom/monomer. 

At pH 8.0, desAsn-desAla-insulin and triMet-insulin ex- 
hibit a pattern of zinc binding that is very similar to that of 
insulin. Indeed from the binding data alone it is difficult to 
distinguish between the three compounds. This has some 
implications with regard to the functional role of zinc in the 
expression of the hormonal activity of insulin. DesAsn- 
desAla-insulin exhibits about 5% (Slobin and Carpenter, 
1963a) and triMet-insulin has less than 50% (Levy and 
Carpenter, 1966,1967) of the hormonal activity of insulin. 
Therefore, the hormonal active site cannot be made up ex- 
clusively of the zinc binding sites. The X-ray crystallo- 
graphic studies have shown the participation of histidine- 
B10 in the binding of zinc in the crystal (Adams et a/., 
1969; Blundell et al., 1971). Probably this same histidine 
residue is implicated in the binding of zinc by the titration 
experiments of Tanford and Epstein (1954a,b). The ab- 
sence of histidine-B10 in the insulin of some species (Day- 
hoff, 1969) eliminates the binding of ZnZC to this residue as 
a necessary prerequisite for hormonal activity. Further, the 
variety of metals that can yield crystalline insulins (Scott, 
1934; Schlichtkrull, 1956) or can associate with insulin in 
solution, as determined by circular dichroic effects, indi- 
cates a lack of specificity for Zn2+ at the metal binding 
sites. If a zinc-insulin complex is needed for hormonal ac- 
tivity, it is unlikely that the hormone would show a lack of 
specificity in metal binding. Finally, although the actual 
free zinc ion concentration in serum is unknown, it is proba- 
bly considerably less than 5 X M, calculated from the 
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TABLE I I  : Aggregation of Zinc-Free Insulin and Derivatives. 
______ 

Aggregation Constants X 10-8 

Mode of Kiz K24 or Kz3 K46 or K34 

Derivative Aggregation (M-9 b-') w-9 

Insulin 00 000 
00 - 000 0 - o o +  2 . 2  x 102 

DesAla-desAsn-insulin 0 + 00 + 000 + 0000 1 . 7 4  
TriMet-insulin 0 + 00 + 000 -L 0000 4 . 8  
Desoctapeptide-insulin 0 x, 00 

0,036 0.22 

1.11 0.03 
1.23 2 .0  

total zinc concentration of serum, owing to binding of zinc 
ions by serum proteins. If this is so, then one can calculate 
from the association constant for the zinc-insulin complex 
that only a small fraction of the total insulin in serum could 
be complexed with zinc. Consideration of all of these points 
makes it highly unlikely that a zinc-insulin complex is nec- 
essary for hormonal activity. 

Aithough the above discussion casts doubt on a role for 
zinc in the hormonal action of insulin, it does not eliminate 
a biological role for the zinc-insulin complex. It has been 
known for a number of years that the 6 cells of islet tissue 
contain a relatively large proportion of zinc (Okomato, 
1949,1955). Electron micrographs have shown that in some 
instances the granules of /3 cells contain crystalline inclu- 
sions similar in properties to the 2 zinc insulin crystals 
(Howell et af., 1969). Thus, zinc is implicated in the stor- 
age of insulin in the pancreas. The theory of Maske (1 957) 
for the control of insulin storage and release through media- 
tion of a zinc-insulin complex is certainly viable in terms of 
the association constants reported in this paper and has re- 
ceived further detailed analysis by Goldman (1971). 

The dependence of the weight-average molecular weight 
of zinc-free insulin a t  pH 8.0 on protein concentration (Fig- 
ure 10) indicates the ability of this hormone to aggregate. 
The use of absorption optics on the centrifuge made it possi- 
ble to follow this aggregation in dilute solution where there 
was a substantial portion of monomer present in the mix- 
ture. In agreement with the previous data of Jeffrey and 
Coates (1966) obtained on zinc-free insulin a t  p H  2.0. a 

T R I M E T H I O N Y L  I Y S U L I N  I 

5l- 

10 2 0  3 0  4 0  5 0  6 0  

CO N C E N T RATION ( G R AM S I  LITER 1 

F I G L R E  1 1 :  Apparent weight-average molecular weight of desAsn- 
desAla-insulin (upper) and triMet-insulin (lower) as a function of con- 
centration. Experimental conditions were similar to those listed in  Fig- 
ure I O .  

mode of aggregation a t  p H  8.0 which involved monomer- 
dimer-tetramer-hexamer was found to describe the poly- 
merization better than a mechanism involving the addition 
of one unit a t  a time. The equilibrium constants correspond- 
ing to each step are shown in Table I1 and were used to cal- 
culate the theoretical curve shown in Figure 10. The agree- 
ment between the curve and the experimental points is quite 
good even though assumptions of ideality and no charge ef- 
fects make the computed association constants "apparent" 
rather than true thermodynamic parameters. Perhaps the 
most significant point to be derived from these calculations 
is the fact that a t  pH 8.0 dimer formation (in the absence of 
zinc ions) is much stronger than tetramer or hexamer for- 
mation. The same observation was made by Jeffrey and 
Coates ( 1  966) a t  p H  2.0. However, our calculated value for 
K12 = 2.22 X I O 5  M-' a t  p H  8.0 is somewhat higher than 
the value calculated by Jeffrey and Coates of K = 1.02 x 
lo4 M-' a t  p H  2.0. Since the present work was completed 
two other studies on the aggregation of insulin have ap- 
peared. Lord et al. (1973) studied the aggregation a t  pH 
2.0 by following changes in absorption spectra in the aro- 
matic region and found a value of 4 X I O 4  M - ]  for the for- 
mation of dimer-a value somewhat higher than that of 
Jeffrey and Coates but still lower than that observed here a t  
p H  8.0. Pekar and Frank (1972) compared the self-associa- 
tion of insulin and proinsulin a t  pH 7.0. Using as their 
model of aggregation a system of monomer-dimer- hex- 
amer-n- mer, they calculated an association constant of 
K 1 2  = 1.4 X lo5 M-I a t  p H  7.0 for dimer formation of in- 
sulin-a value in good agreement with our calculations even 
though we used a slightly different model and pH. 

Crystallographic studies of 2 Zn-insulin (Adams et al., 
1969; Blundell et af., 1971) show that the crystalline form 
is made up of a hexamer composed of a trimer of dimers. 
Zinc ions are not involved in dimer formation but are in- 
volved in the association of dimers to give the hexamer. As- 
sociation of monomers to dimers involves the C-terminal 
portions of the B chain and results in the formation of an 
antiparallel &pleated sheet between residues B23-28 of 
each of the two monomers. That dimer formation is a neces- 
sary prerequisite for higher aggregation is indicated by the 
relative magnitude of the association constants reported 
here for insulin and also by the fact that desoctapeptide-in- 
sulin, which is missing the residues involved in dimer forma- 
tion, does not aggregate. Although both desAsn-desAla-in- 
sulin and triMet-insulin show a tendency to aggregate in 
zinc-free solution a t  p H  8.0, the aggregation constants for 
dimer formation are smaller than that for insulin by a fac- 
tor of 100 (Table 11). Consequently, in these derivatives 
there must be some perturbation of the C-terminal portion 
of the B chain which prevents the formation of the /3 struc- 
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ture associated with dimerization in insulin. Changes in CD 
spectrum of these derivatives support this interpretation. It 
should be recalled that desoctapeptide-insulin (Young and 
Carpenter, 196 1) and desAsn-desAla-insulin (Slobin and 
Carpenter, 1963a) exhibit very low hormonal activity while 
d e ~ A l a ~ ~ ~ - i n s u l i n  possesses full activity (Slobin and Car- 
penter, 1963b) and crystallizes identically to the native hor- 
mone (Steiner and Clark, 1968). These latter two observa- 
tions indicate a hormonal role for the C-terminal aspara- 
gine on the A chain which can be correlated with a structur- 
al role in maintaining the conformation of the C-terminal 
residues of the B chain. It is tempting to speculate that 
dimer formation may be a prerequisite to the expression of 
hormonal activity. However, there are several factors that 
argue against this idea: (1) triMet-insulin possesses about 
50% of the hormonal activity of insulin (Levy and Carpen- 
ter, 1966) but as shown here has a much decreased ability 
to form dimers; (2) tetra(nitrotyr0sine)-insulin (Boesel and 
Carpenter, 1972) shows no tendency to aggregate at pH 7.4 
but possesses 60-70% of the hormonal activity; and (3) 
from the aggregation constants presented in this paper as 
well as those of Pekar and Frank (1972) it can be calculated 
that, at the concentration in which insulin occurs in the 
blood, a very small fraction is in the form of the dimer 
(Goldman, 197 1 ;  Pekar and Frank, 1972). These arguments 
are not to be construed as indicating that the conformation 
of the C-terminal end of the B chain is not important for 
hormonal activity but rather that the expression of this con- 
formation through the ability to form the specific dimer in- 
teractions that are exhibited by native insulin is not an es- 
sential (although frequently prevalent) property of biologi- 
cally active molecules. 

As has been reported by various investigators (Grosjean 
and Tari, 1964; Beychok, 1965, 1966; Carpenter and 
Hayes, 1966; Goldman and Carpenter, 1967,1969b; Merco- 
la et al..  1967; Menendez and Herskovits, 1970; Ettinger 
and Timasheff, 1971; Brugman and Arquilla, 1973), the 
optical rotatory dispersion and CD spectra of insulin show 
main cotton effects centered at 192, 208, and 222 nm, and a 
minor band at 273 nm (Figures 4 and 5). 

273-nm Band. When Beychok (1 965,1966) reported the 
presence of a negative ellipticity band at  273 nm, he attrib- 
uted the band to a strained disulfide bridge rather than to 
aromatic residues primarily because it did not undergo a 
red shift at alkaline pH. However, the facts that the band 
was missing or attenuated in desoctapeptide-insulin and 
desAsn-desAla-insulin (Carpenter and Hayes, 1966; Brug- 
man and Arquilla, 1973) (Figures 7 and 8) and that it was 
concentration dependent (Goldman and Carpenter, 1967; 
Morris et al.,  1968) (Figure 4) support the assignment of 
the band to aromatic residues (tyrosine and phenylalanine) 
which exhibit optical activity as a function of aggregation 
of the molecule. Attenuation of the band at 273 nm is corre- 
lated with conditions (dilution, Figure 4; high pH, Figure 5) 
which bring about disaggregation (Fredericq, 1953); while 
a strengthening of the band is associated with conditions 
(addition of metal ions, Figures 4 and 6) which enhance 
aggregation (Goldman, 1971). A number of the metal ions 
which strengthen the band at  273 nm (Figure 6) have been 
shown by Schlichtkrull (1956) to be able to replace zinc 
ions in the formation of crystalline insulin. 

The ellipticity band centered at 273 nm is complex in 
that there are shoulders at 256, 262, and 283 nm which are 
indicative of contributions from phenylalanine as well as ty- 
rosine (Figure 4). The crystallographic structure of insulin 

(Adams et al., 1969; Blundell et al.,  1971) allows tentative 
assignment of particular aromatic chromaphores to the ob- 
served CD bands. In the insulin dimer, tyrosines-B26 and 
phenylalanine-B24 of each of the participating monomers 
take part in the formation of an “aromatic” cage whose 
twofold symmetry is violated by the adjoining phenylala- 
nine-B25. All of these residues are part of the B23-28 
stretch involved in the intermonomer antiparallel /3 struc- 
ture. In agreement with the assignment of the band at 273 
nm to the formation of a dimer between the B chain of two 
molecules is the fact that desoctapeptide-insulin, which 
lacks the residues involved in dimer formation as well as 
those contributing to the optical activity, has a greatly di- 
minished 273-nm band. Although the residues involved in 
dimer formation are present in desAsn-desAla-insulin, this 
molecule as well as triMet-insulin exhibits a much lower 
tendency to aggregate which is reflected in an attenuation 
of the band at  273 nm. The CD bands at  273 and 283 nm 
can be assigned to tyrosine-B26 while those at  256 and 262 
nm may arise from phenylalanine-B24 and/or -B25. In this 
regard, multiple vibronic bands have been observed in both 
tyrosine (Horwitz et al., 1970; Strickland et al.,  1970) and 
phenylalanine (Horwitz et al.,  1969; Simmons et al.,  1969) 
chromophores. Tyrosine-B 16 has also been reported to be 
involved in the dimerization of insulin (Blundell et al.,  
1971) and may also be contributing to the aromatic CD 
bands. 

222-nm Band. This band can be assigned in large part to 
p structure (Quadrifoglio and Urry, 1968). The p structure 
is a predominant feature of the dimer. In agreement with 
this assignment the band is attenuated by dilution and in  
those derivatives which either do not aggregate (desocta- 
peptide-insulin, Figure 7) or aggregate in a manner differ- 
ent from insulin (desAla-desAsn-insulin, Figure 8). 

208-nm Band. This band may be attributed largely to a 
helix (Ettinger and Timasheff, 1971) which is a character- 
istic feature of the monomer involving residues B10- 19 and 
additional contributions from A2-6 and A13-19 which are 
arranged in distorted helices (Blundell et al.,  1971). In 
agreement with this assignment the band is not affected by 
dilution nor by conversion of insulin to desoctapeptide-insu- 
lin which does not aggregate or to desAsn-desAla-insulin 
which aggregates in a different manner from insulin. The 
band is attenuated by the addition of zinc ions (or other di- 
valent metal ions) (Figure 4). The crystalline structure 
shows that a zinc ion is coordinated with histidine-B10. 
This residue is a component of the principal a helix of the 
molecule (B10-19) and perturbation due to zinc binding is 
not unexpected. 

In conclusion, the fact that the main features of the CD 
spectra and the results from the equilibrium sedimentation 
data on these derivatives of insulin with variable hormonal 
activities can be rationalized in terms of the reported crys- 
tallographic structure of insulin strongly suggests that the 
dissolved and crystalline forms of the hormone are largely 
similar. 
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