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ABSTRACT: Circular dichroism and proton titration studies of 
mixtures of native or nitrated bovine neurophysin-I1 and 
lysine vasopressin confirm that there is one principal site for 
lysine vasopressin of very similar properties to  the single oxy- 
tocin site. A second, but markedly weaker lysine vasopressin 
site is allowed by the data, but two thermodynamically equiv- 
alent sites for lysine vasopressin are precluded. Binding con- 
stants to nitrated bovine neurophysin-I1 of oxytocin, lysine 
vasopressin, and a series of peptide analogs of the first two 
to  three residues of the hormones were obtained by circular 
dichroism using a single-site model. The data indicate that 
peptides containing only the first three residues of the hor- 
mones contribute almost two-thirds of the binding free energy 
of the hormones and that half of the binding free energy is 
contributed by the cooperative binding of residues 1 and 2. 

B ovine neurophysins bind their natural ligands, oxytocin 
and vasopressin, and also bind di- and tripeptide analogs of 
the a-amino-terminal sequence of the hormones (Breslow, 
1970; Breslow et a/ . ,  1971). Circular dichroism and H+ ion 
equilibria changes attending binding of the hormones and 
of the smaller peptides have been shown to be very similar 
(Breslow, 1970; Breslow et d., 1971) and studies of a neuro- 
physin derivative in which the single neurophysin tyrosine 
has been nitrated have indicated that both the smaller peptides 
and the hormones similarly perturb the neurophysin nitro- 
tyrosine residue when equally bound (Breslow and Weis. 
1972). The tyrosine of bovine neurophysin-I1 has been shown 
to be near or at the peptide binding site (Balaram et u/..  
1972). 

The interaction of neurophysin with the hormones and 
smaller peptides provides an ideal model system for the study 
of protein- protein interaction because neurophysin is of low 
molecular weight (monomer = 10,000) and the hormones 
themselves are only nonapeptides. We ultimately plan to  
tiefine, on a quantitative basis where possible, the thermo- 
dynamic contribution of difyerent segments of the hormones 
to their interaction with NP.' Qualitative estimates of the 
contribution of a few residues of the hormones and peptides 
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Binding interactions at the side chain of residue 1 appear to 
be hydrophobic and a n  aromatic hydrophobic side chain a t  
residue 2 is necessary for binding. The contribution of residue 
3 to binding appears to  be less in tripeptides than in the hor- 
mones suggesting that conformational differences between the 
hormones and peptides contribute to  their differences in af- 
finity for neurophysin-11. Oxytocin, lysine vasopressin, and 
appropriate tripeptides all increased the sedimentation velocity 
of bovine neurophysin-I1 by approximately 20%, indicating a 
change in protein conformation and/or a small shift in mono- 
mer + dimer equilibrium on  binding. Circular dichroism 
studies indicate small differences in optical properties among 
the complexes of oxytocin, lysine vasopressin, and tripeptides ; 
differences between the hormone and tripeptide complexes 
suggest that the hormone disulfides are perturbed by binding. 

have already been arrived at  in other studies (Stouffer e[  nl . ,  
1963; Breslow and Abrash, 1966; Breslow et a / . ,  1971; Hope 
and Walti, 1972). Semiquantitatively, it is known that sub- 
stitution of the CY-"? of the hormones by H or removal of the 
aromatic ring in position 2 of the hormones diminishes binding 
by a factor of at least 100 while loss of the side chain in 
position 3 of the hormones diminishes binding by a factor of 
30 (Breslow and Abrash, 1966). In tripeptide analogs of the 
first three residues of the hormones, the nature of the side 
chain in position 1 has been shown qualitatively to  alTect the 
strength of interaction (Breslow et d., 1971). From the data 
compiled to date, the hormone--protein interaction appears 
in a general sense to  involve an electrostatic bond between 
the protonated (r-NH2 of the hormones and an unprotonated 
side-chain carboxyl of the protein (Stouffer et a/.,  1963: 
Ginsburg and Ireland, 1964; Breslow and Abrash, 1966; 
Breslow er a/.,  1971 ; Hope and Walti, 1972) in the midst of a 
hydrophobic environment provided in part by the side chains 
of residues 1-3 (Breslow and Abrash, 1966; Furth and Hope, 
1970; Breslow et ul.. 1971). Modifications of the hormones 
at residues 4, 5 ,  8, and 9 have thus far had only small effects 
on binding (Breslow and Abrash, 1966; Breslow and Walter, 
1972). 

Because structural analogs of tripeptides are easier to  obtain 
than are nonapeptide analogs of the hormones, a principal 
object of the present study was to  utilize the binding ability 
of the smaller peptides to  assess more completely the con- 
tributions of their individual segments to  binding. In addition. 
we wanted to  know whether tripeptide analogs of residues 
1--3 of the hormones contained all, or only a part of, the 
binding features of the hormones. Our approach to  the 
problem was to determine the binding constants to  nitrated 
NP-I1 of a series of di- and tripeptide structural analogs of 
residues 1-3 of the hormones, and of the hormones them- 
selves, utilizing the perturbation of the 350-nm nitrotyrosine 
ellipticity band by binding to determine binding constants. 
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Secondarily, we also compared the effects of hormones and 
tripeptides on the structure of NP-I1 by looking, for the first 
time, at changes in sedimentation velocity which accompanied 
binding, and by looking more rigorously at the circular di- 
chroic consequences of binding hormones and peptides to  
NP-11. Some of the peptides studied have been specially syn- 
thesized for binding studies to neurophysin. However, com- 
mercial availability influenced the choice of peptides in other 
instances. 

Prior to the use of a circular dichroic method for determin- 
ing binding constants, the number of peptide binding sites 
per mole of protein must be known. Previous studies (Breslow 
and Abrash, 1966; Breslow and Walter, 1972) indicated one 
binding site per neurophysin monomer for either oxytocin or 
vasopressin; binding of the two hormones was competitive. 
Preliminary tripeptide binding constants to neurophysin, 
derived from gel filtration studies (Breslow et ai., 1971), were 
also based on the observation of a single binding site for 
the peptide glycyl-L-tyrosyl-L-phenylalaninamide. Recently, 
Camier et al. (1972) have reported finding one binding site for 
oxytocin but two binding sites for lysine vasopressin, each 
of equal affinity to the single oxytocin binding site. Therefore, 
prior to an analysis of peptide binding, further data will be 
presented supporting the existence of only a single principal 
binding site for either oxytocin or vasopressin on bovine 
neurophysin-11. 

Materials and Methods 

Proteins, Peptides, and Hormones. Bovine neurophysin-I1 
and nitrated bovine neurophysin-I1 were prepared as described 
previously (Breslow et al., 1971; Breslow and Weis, 1972). 
Data obtained on several different samples of oxytocin and 
vasopressin contributed to the results presented in this paper. 
Oxytocin samples used were a former gift from Professor V. 
du Vigneaud, prepared by Dr. D .  Yamashiro, a gift from 
Professor M. Manning and newly synthesized material pre- 
pared by H. L. Aanning. Lysine vasopressin samples were 
gifts from Dr .  W. Cash, Dr.  R. Walter, and Dr. P. Cohen. 
With the exception of one old sample of oxytocin which con- 
tained an insoluble contaminant, data obtained on the different 
oxytocin samples were consistent; moreover, removal of the 
insoluble contaminant from the old oxytocin sample by 
centrifugation, and recalculation of the solution oxytocin 
concentration by optical density measurements gave results 
with this oxytocin sample which agreed with the other oxy- 
tocin data. Lysine vasopressin samples ranged in pressor 
activity from 130 to 270 units per mg and no significant differ- 
ence among the preparations in their behavior toward neuro- 
physin was seen. For the most critical studies, such as titration 
of the number of binding sites, samples of approximately 230 
units/mg were used. 

The peptides glycyl-L-tyrosyl-L-phenylalaninamide, L-al- 
anyl-L-tyrosyl-L-phenylalaninamide, L-methionyl-L-tyrosyl-L- 
phenylalaninamide, S-methyl-L-cysteinyl-L-phenylalanyl-L-iso- 
leucinamide, L-methionyl-L-tyrosinamide, L-methionyl-L-tyro- 
sine, L-cystinylbis(L-tyrosinamide), and L-methionyl-L-phenyl- 
alanylglycine were those previously described (Breslow et al., 
1971 ; Breslow and Weis, 1972). S-Methyl-L-cysteinyl-L- 
tyrosyl-L-phenylalaninamide was also that reported previously 
(Breslow et al., 1971) but was further purified by removal of a 
water-insoluble contaminant and relyophilized. All other 
peptides were standard peptides obtained from Cyclo Chemi- 
cal Corp. and were reported by Cyclo to give the correct 
nitrogen analysis and to be homogeneous in two or three 

solvent systems. With the exception of L-leucyl-L-trypto- 
phanamide, we routinely checked the peptides by amino acid 
analysis according to the method of Spackman et al. (1958), 
H+ ion titration and determination of the uv absorption 
spectrum. (L-Leucyl-L-tryptophanamide was studied only by 
uv spectrophotometry.) All peptides used here gave the cor- 
rect amino acid analysis, and tyrosine (or tryptophan) extinc- 
tion coefficients were within 10% of the expected values 
(Schellman and Schellman, 1964). H+ ions titration studies 
gave the expected pK values except that some samples be- 
haved as if they were contaminated with small amounts of 
N H B  and one sample contained traces of a group titrating 
with a pK of 4.6 (probably acetate). In peptides in which the 
a-COOH was amidinated, no titrimetric evidence was found 
for a free a-COOH group (expected pK, = 3-3.5). One 
peptide, purchased for this study as L-norvalyl-L-tyrosin- 
amide, was clearly not the correct material as evidenced by its 
uv spectrum, amino acid analysis and nmr, and was not used. 

Methodology. Sedimentation velocity studies were per- 
formed as previously described using the photoelectric scanner 
(265 or 280 nm) at protein concentrations up to 2 mg/ml and 
schlieren optics at protein concentrations of 5 mg/ml (Breslow 
et ai., 1971). The use of the peptide S-methyl-L-cysteinyl-L- 
phenylalanine-L-isoleucinamide, in studies of the effect of 
peptide binding, minimized complications (when using the 
photoelectric scanner) arising from absorbance contributions 
of the peptide itself. For binding studies in the presence of 
hormone, these complications were minimized by using the 
scanner only at 265 nm, a wavelength at which the absorbance 
of the hormones is at its lowest compared with that of the 
protein. 

pH-Stat binding studies to  measure the number of protons 
consumed or liberated on addition of increasing amounts of 
hormone were performed in 0.16 or 0.06 M KC1 as previously 
described (Breslow et al., 1971). The initial concentration of 
NP-I1 was 7 mg/ml and successive aliquots of 2 x M 
hormone (at the identical pH as the protein) were added until 
no further proton uptake or liberation was observed. After 
each aliquot, the solution was back-titrated to the initial pH 
with a measured volume of 0.01 N HC1 or 0.01 N NaOH. pH- 
Stat binding studies were performed only with native NP-11. 

Circular dichroism studies of native NP-I1 and its com- 
plexes with hormone were performed at pH 6.2 in 0.16 M 
KC1 as previously described (Breslow, 1970). Circular di- 
chroism binding studies using nitrated NP-I1 were performed 
both at pH 6.2 and 8.0, in 0.16 M KC1 and 0.16 M KC1 plus 
0.01 M Tris buffer, respectively. Binding studies were princi- 
pally carried out at 2 x M nitrated NP-I1 in a 1-cm cell, 
but several studies were also performed at concentrations of 
4 X 10-5 M nitrated NP-I1 using a 5-cm path length. At each 
pH,  for each different nitrated NP-I1 preparation, the ellip- 
ticity at 350 nm of the uncomplexed protein and the protein 
saturated with hormone was determined. For several peptides, 
such as Ala-Tyr-Phe-NH2 (see Results), it was possible to inde- 
pendently check the 350-nm ellipticity representative of com- 
plete saturation and this was found to be within experimental 
error of the values obtained on saturation with hormone. 
Thus, the ellipticity a t  350 nm representative of complete 
saturation was routinely assumed to  be equal to that found by 
saturating the nitrated protein with hormone. However, the 
actual ellipticity values obtained with each peptide at concen- 
trations approaching total binding were also checked against 
this value for internal consistency; in only one instance, Leu- 
Trp-NH2, did the ellipticity values found for the peptide 
appear tentatively inconsistent with the assumption that the 
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coinplc\ with peptide had the same ellipticity at 350 nm as 
that with hormone. Using these assumptions, binding isotherms 
could be simply determined by adding known amounts of 
peptide or hormone to a solution of nitrated NP-I1 at con- 
stant pH and determining the ellipticity at 350 nm. (In prac- 
tice, the entire C D  spectrum from 500 to 790 nni was deter- 
mined, so that auxiliary wavelcngths could be used to calculate 
hinding from the data if necessary.) Concentrations of peptide 
used ranged upward t o  10 xi if solubility permitted. The 
numhcr of moles of peptide bound per mole of protein (i;) 
wa\ calculated from the relationship 

T hc unbound peptide concentration was determined by cor- 
recting the total pepride concentration for that removed by 
binding according to the relation 

Tht, validity of these relationships demands that there is only 
one binding site for each peptide; evidence for this is given in 
Results. Once several valves of ij were determined, the data were 
plotted according to the method of Scatchard and Black 
(1949). All peptides gave plots which approximated straight 
lines (see Results) and binding constants were accordingly 
calculated from the slope using the method of least squares to 
obtain the best fit. At pH 6.2, the least-squares straight lines 
generated b y  the data gave intercepts on the abscissa (8) 
which aberageti 1.03 ::: 0.06; intercepts on the ordinate were 
used directly as the calculated apparent binding constant, K' .  
Data at pH 8 showed signilicantly more scatter than that at 
p H  6.2 hecause ellipticity differences generated by binding 
;ire SO'!: lower at pH 8 than at pH 6.2 due to ionization of the 
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nitrotyrosine (Rreslow and Weis, 1972). At pH 8, therefore, 
least sqtiares straight lines were calculated using an intercept 
on the abscissa of 1.0 as a fixed point. 

Duplicate isotherms using a single peptide with the samr or 
difkrent protein preparations wei c in satisfactory agreeinent. 
Where n o  evidence of binding was observed hy CD, the lack 
of active-site binding was apparently confirmed by demon- 
strating that the peptide in question. a t  ;i conctmtration of 
10 \ I  or higher. did not diminish the ellipticity a t  3 5 0  nrn 
produced by binding peptides: i n  no instance was a n y  coni- 
petition observed. but it I I I L I S ~  bt. recognized that thc instrii- 
mental "noise" in thcse studies is sufficiently great to p r t v n t  
the observation of low levels of competition. 

Results 

Rr-ideiice,fi)r N Single Strong Binding Site fiir e i t h ~ r  (>.uj,tl icin 
or Lj,sine Vcrsopre.rsin. In an interacting system, the change in 
physical properties of the system as a function of ligand 
protein mole ratio gives important inforination bearing on the 
number of binding s i tcs .  Accordingly, we have studied changes 
i n  circular dichroism and proton equilibria of neurophysin 
hormone mixtures as a function of hormone/NP ratio. 

The circular dichroism spectra of oxytocin -NP-TI complexes 
in the near- and far-in, regions have been reporttd previously 
(Kreslow, 1970; Breslow and Weis. 1972). Comparative CL) 
studies in the far-tiv regioil of the complexes of NP-I1 with 
LVI-' and oxytocin show no ditferences which are clcarly out- 
side the range of experimental crror. although this may bt. 
because experimental error in this region is large for N P  be- 
cause of tlie low signal to noise ratio. I n  the near-ti\' region. 
complexes with the two hormones are ako very similar 
(Breslow, 1970) but  dityerences are apparent, particularly when 
the difference C'D spcctra rather than the direct spectra are 
cxamined. Figure 1 shows the near-tiv difference C D  sperti i i  
ohserved on mixing NP-I1 with 2 equiv of oxytocin anti lysine 
vasoprcssin. The origins of the CD changes have bwn pre- 
viously iiscribctl (Rreslow, 1970; Breslow and Weis. 1972). 
It is siiflicient to note here that changes near 240 nm (probably 
ilisulfiiic) are coiisistently greater on binding lysine \ asoprcxin 
than on binding oxytocin, while those in the 260- to 290-nm 
region (diie principally to the hormone tyrosine) arc somewhat 
greatctr o n  binding oxytocin than on binding lysine ~ a s o -  
pressin. In addition, ;I shotildcr near 287 nni. is consistrntly 
more distinct for o.cytocin than for lysine vasopressin differ- 
enre spectra and is also inaniftlst as il greater degree of tinl. 
\tructurc i n  the direct CD spcctrum of the ouytocin NP-I1 
comple\. (DifYerenct-s bctwten the difference ('1) spcctra 
gcnt:rated by  binding the two hormones principally rcflect 
difercnccs in the /mind state. Thi\ is evidenced by the large 
ditferences in direct (-'D spectra of thi. two c o m p l c ~ e s ,  shoun 
in thi. 240-nm region i n  tht. insert in Figure I .  The fret. hor- 
inoni's differ only slightly in thib rtgion.) 

Despite the above dilYercnces in  the CI) spectra of oxytocin 
and lysine vasopressin coinplekes, and of greatest iinportancc 
to the present argtiinent, is the fact that CD changes accom- 
panying addition of the first molar equivalent lysine vaso- 
pressin represent almost the same percentage of the total C D  
change seen on addition of excess lysine vasopressin as do CD 
changes accompanying addition of the first mole of oxytocin. 
This is seen in Figure 2 whcre changes in ellipticity accoinpany- 
ing addition of lysine \,asopressin and oxytocin under identical 
conditions are  plotttd as a function of the numher of equiva- 
lents added. In both Ci i j cS ,  the first equivalent prodiicc.s 
80 907; of the total ellipticity change. Addition of oxytocin 
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and lysine vasopressin also lead t o  comparable changes in 
the CD of the nitrotyrosine residue of nitrated NP-I1 (Figure 
3) (Breslow and Weis, 1972). Also plotted in Figure 2 are the 
CD changes a t  3 5 0  nm accompanying addition of increasing 
aliquots of lysine vasopressin and oxytocin to  nitrated NP-I1 
a t  p H  6.2 under identical conditions. Clearly, perturbation 
of the nitrotyrosine residue is nearly complete upon addition 
of 1 equiv of either hormone. 

Taken individually or collectively, the above data are not 
reconcilable with the presence of two sites for lysine vaso- 
pressin, each of equal affinity t o  the oxytocin site. Whether 
only one or both of the hypothetical two lysine vasopressin 
binding sites were responsible for the changes in ellipticity 
observed, the percentage of the total change accompanying 
addition of the first equivalent of lysine vasopressin should be 
only 50% of the total change (see “theoretical” line in Figure 
2 ) ;  clearly this is not the case. I t  should be stressed, however, 
that the present data do not preclude a second lysine vaso- 
pressin site which is considerably weaker than the first-but 
only indicate that the first lysine vasopressin (and oxytocin) 
sit predominantly on a single site and that this site is the 
source of the NP-I1 nitrotyrosine perturbation. If two sites 
for lysine vasopressin are allowed, it can be calculated that 
the weaker site must have less than 1/15th the affinity of the 
stronger. * 

Marked changes in proton equilibria accompany binding 
of hormones and peptides to  native NP-I1 (Breslow er ai., 
1971). In particular, a t  p H  7, a n  uptake of 0.6-0.7 proton/mol 
is observed on binding both lysine vasopressin and oxytocin; 
below p H  5 ,  protons are released on binding. We have also 
studied the relative number of equivalent sites available to  
oxytocin and lysine vasopressin by assessing (under identical 
conditions) the completeness of changes in proton equilibria 
on  addition of 1-3 equiv of either hormone (see Experimental 
Section). Under the conditions chosen a t  p H  7, addition of 
the first equivalent of oxytocin produced 8 5 %  of the total 
proton uptake observed on addition of 3 equiv and binding 
appeared complete upon addition of the second equivalent. 
For lysine vasopressin at  p H  7 the first equivalent also pro- 
duced 8 5  * 5 % of the total proton uptake observed on addi- 
tion of 3 equiv, and binding was again complete on addition 
of the second equivalent. At p H  3.5,  in 0.06 M KCI, both 
hormones produced identical changes in proton equilibria a t  
identical concentrations. Interestingly, a t  p H  4 in 0.16 M KCI 
the lysine vasopressin complex is soluble while the oxytocin 
complex is insoluble. Nonetheless, the first mole of lysine 
vasopressin added produced 87 % of the total Hf ion release 

2 Thc extent to  which the ellipticity changes in Figure 2 are less than 
100% complete upon addition of 1 equiv hormone is a reflection either 
of partial dissociation from a single binding site or of competition for 
the first hormone equivalent by a second site. There is general agreement 
on  the presence of a single oxytocin binding site, and the oxytocin data 
in Figure 2 actually suggest a slightly stronger binding constant than 
reported by Camier et ul. (1973) for these conditions. If the incomplete- 
ness of lysine vasopressin binding to either native or  nitrated NP a t  1 
equiv is attributed sole!i. to competition by a second lysine va?opressin 
site, the data at 1 equiv indicate on the average that approximately 15 % 
of the first equivalent is bound to the second site, i .e.,  that the second 
site has ’/aath the affinity of  the first. When maximum uncertainty in 
the actual ratio of hormone to  NP is allowed for, the value of  ‘/30th is 
raised to 1,’,5th. Significantly, it has jus t  been reported to us (P. Cohen, 
personal communication) that only one lysine vasopressin binding site 
is found on  riitrnted NP by equilibrium dialysis. While these new data 
do not explain differences between the data in Figure 2 and theequilib- 
rium dialysis data of Camier et ul. (1973) for lysine vasopressin binding 
to rzatice bovine NP-11, they apparently confirm that the assumption of 
only a single lysine vasopressin site on the nitrated protein is valid. 

i 
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EQUIVALENTS hORMONE/NP-II 

FIGURE 2: Relative ellipticity changes generated on addition of in- 
creasing molar ratios of hormone to NP-I1 and nitrated NP-11. 
Conditions: 2 X lo-‘ M protein, pH 6.2, 0.16 M KC1. Ellipticity 
changes attending binding to nitrated NP-I1 are specifically shown 
for 350-nm data but relative ellipticity changes appeared the same 
at all wavelengths. For binding to native NP-11, ellipticity changes 
were calculated at 245, 280, and 295 nm from the difference CD 
spectra calculated as in Figure 1. Individual points represent the 
average of the data at the three wavelengths with the average devia- 
tion shown as an error bar. Theoretical lines represent those ex- 
pected for infinitely strong binding to one site or to 2 equiv sites 
respectively and are independent of any assumptions as to the nature 
of the sites. 

(0.5 equiv/mol of NP); no further proton release was observed 
after the second equivalent of LVP was added. Again these 
data are incompatible with the presence of two binding sites 
of lysine vasopressin of equal or near-equal affinity. It is rele- 
vant to  note also that P. Cohen (personal communication) 
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FIGURE 3:  CD spectra of nitrated NP-I1 saturated with lysine 
vasopressin, oxytocin, and Ala-Tyr-Phe-NHn. Conditions: pH 6.2, 
0.16 M KCl. Data for the hormones represent single experiments in 
the presence of 3 equiv of hormone/mol of NP-11. Peptide data 
were obtained in the presence of 0.01 M Ala-Tyr-Phe-NHz and cor- 
rected for the fact (see reported binding constant) that this con- 
centration represents only 93% saturation. (More recent experiments 
using a new photocell confirm that small differences among the 
spectra in the presence of hormones and peptide are due solely 
to instrumental noise.) 
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r A t m  I .  Binding of Hormones and S-Methyl-Cys-Tyr-Phe- 
NH to Nitrated Bovine NP-II 

- - - - -  

Peptide or Protein 
Hormone Concn (hi)  K'  (+SD)' 

- - - - ._ - _ _  - - _ _ _  P H 

8 0 Oxytocin 4 x 1 0 '  5 3 x 1 0 4 _ t  
0 49 x 10' 

8 0 Lysine 4 x 10-1 5 7 x 10' * 
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Tyr-Phe-NH 0 05 x 101 
8 0 S-Methyl-Cys- 2 x 10-1 1 0 x 10' f 

Tqr-Phe-NH, o 07 x 103 

h 2 S-Methyl-Cys- 4 x 10- 3 7 x 103 + 
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8 0 S-Methyl-Cys- 4 x 10 1 2 X l o3  -I 

Tyr-Phe-NH 0 6 X 10' 
6 2 S-iMethyl-Cys- 2 X lo-' 5 5 X 10' L 

-- __ - - - ____- 
b n i t s a r e v  

has found only 1 binding site for the peptide S-methyl-Cys- 
Tyr-Phe-NH?. The results support the assumption that the 
data to  be presented here can be interpreted in terms of a 
single binding site. 

Perriirhtioti o f  NP-II Nitrorj.rosine h j .  Hormones und 
Peptides: Detertniniction o f  Binding Constunts. Figure 3 shows 
representative C D  spectra of nitrated NP-I1 in the vicinity of 
nitrotyrosine absorption in the absence and presence of 
oxytocin, lysine vasopressin and the peptide Ala-Tyr-Phe-NH?. 
Under conditions of saturation, the spectrum near 350 nm is 
essentially independent of the ligand. Small differences in the 
ef'iects of the diwerent ligands may exist near 350 nm but they 
are within the range of instrumental noise ; similarly, possible 
larger relative differences in spectra above 375 nm are not 
clearly outside the range of experimental error, particularly 
when the marked efkcts of small changes in pH in this wave- 
length region are noted (Breslow and Weis, 1972). 

All other peptides studied, with the possible exception of 
Leu-Trp-NH?, appear to give the same CD spectra a t  satura- 
tion within experimental error. Thus, it was possible to  deter- 
mine the degree of saturation, i;, of nitrated NP-I1 at  any total 
peptide concentration, and the unbound peptide concentra- 
tion. by determining the magnitude of the 350-nm nitrotyro- 
sine C D  band relative to its value a t  saturation with hormone 
(see Materials and Methods). From these data, Scatchard 
plots were constructed, as shown in Figure 4, for two typical 
peptides a t  pH 6.2. No curvature is noted which is clearly 
outside experimental error nor were any sj,sternaric effects of 
varying the protein concentration over a 5-fold range noted, 
signifying that any interactions between binding sites in the 
dimer form of NP-I1 or change in monomer + dimer eyuilib- 
rium (Breslow er d., 1971) accompanying binding are not 
detectable by the techniques used. Linear Scatchard plots 
were previously obtained by Breslow and Walter (1972) 
for the binding of lysine vasopressin to  nonnitrated NP-11 
at  pH 7.4 and by Camier er cd .  (1973) for the binding of oxy- 
tocin and lysine vasopressin to  nonnitrated NP-I and NP-11. 
However, it is important to  note that potential changes in 
monomer dimer equilibrium accompanying binding are 
not precluded, as will be evident when changes in sedimenta- 
tion velocity which accompany binding are considered. 

Reltrrire Binding of' Peptides nnd Hormones to Nitrmrd 
NP-11. Binding of oxytocin and lysine vasopressin to nitrated 
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NP-I1 is too strong a t  pH 6.2 to  enable binding constants to  
be accurately determined by circular dichroism. However. 
binding is diminished enough at pH 8 such that binding con- 
stants can be determined if the protein concentration is 3 >c 
10-' M. Table I shows the binding constants for both hormones 
and for the peptide S-methyl-Cys-Tyr-Phe-NH? detcrriiineti 
a t  p H  8.0 at  a protein concentration of 4 x I O  hi. a n d  for 
the peptide additionally at 2 i: I O - - '  11. No gysteniatic elfcct 
of protein concentration is seen with the peptide (and it can 
probably be assumed that no effect on hormsne binding 
would be detectable either). The essentially equivalent atlinity 
of both hormones for nitrated NP-11 is in keeping with oh-  
servations on the binding of hormones t O  nativt' NP-I1 
(Breslow and Walter, 1972). The peptide hinds w i t h  an 
upparenr atfnity (K') which is 

Also shown in Table 1 is the efect  of pH on the binding of 
the peptide. The increase in binding constant between p H  8.0 
and 6.2 is almost exactly in accord with theory if it is assumed 
that only the protonated form of the a-amino (pk', .-; 6.8) 
binds to  NP-11. taking into account the change in pKi, of  the 
NP-I1 nitrotyrosine which accompanies binding (13reslow 
and Weis, 1072). Specifically. the p K ,  of the nitrotyrosine 
decreases from 7.45 in the uncomplexed state to 0 . 8 5  in thc 
complexed state. from which it L'an be demonstrated b y  the 
usual relationships for linked functions (Edsall anti M'yninn, 
1958) that the species of NP-I1 in which the nitrotyrosint, is 
ionized has four times the atfinity for hormone a.; docs the 
un-ionized species. Thus. for the peptide, the therot.tical 
relationship between binding a t  the two pH values. using the 
assumption given above is 

th  that o f the  hormones. 

where k" is the apparent binding constant observed at  each 
pH, (1 - a ) ~ ~ ~ , ~  is the fraction of the C ~ - N H : ~ -  nortnally 
protonated at  each pH in the unbound state and (N)I'hOfI 

and ( 1  - CY)ph()ll are defined in footnote 3. The observed 
change in binding is slightly greater than fourfold; the theoreti- 
cal change is 3.4. The same assumptions can be used to 
calculate the expected binding constant of the hormones to 
nitrated NP-I1 at pH 6.2 using a pK, of 6.3 (Breslow. 1961) 
for the a-amino. The expected binding constant at pH 6.2 
for either of the hormones is approximately 5 X 10.1 hi I .  

The differences in K' between the peptides and the hormones 
can be used to calculate the relative up/ )~ irmr  free energies of 
the binding of nitrated NP-I1 to the hormones and to the 
peptide. At pH 8 the uppirent binding free energics are 4.2 
and 6.5 kcal for thc peptide and hormone, respectively. 
However, the hormones and peptide ditTer in their relative 
degrees of protonation at  pH 8. Correcting both the peptide 
and hormone apparent constants a t  pH 8 to  obtain the inrrinsic 
affinities of the protonated ~ p e c i e s , ~  KO. the inrrinsic free 

~ . - ~  ~ ~.~ ~~ __._ ~ ~ . .~ 

:I The intrinsic binding constant, K " ,  reprcsenting reaction of the 
protonated hormone or peptide with that species of protein in which the 
nitrotyrosine is conipletely protonated, can be calculatcd from thc 
apparent constant a t  any pH,  K ' ,  according to  thc relation: K "  5 ( K '  t- 
K'KI,[H*I) KI,[H-][(~ - ~ Y ) I ~ I , O ~ I  C 4 (CY)IWH], wherc KI, is the afinity 
of the a - N H 2  for protons, [H ' ]  is the H t  ion acti\ity-, and (1 -- ~ ? ) i w i ~  

and (cu)p~,oa are  the fractions of nitrotyrosine residiies normally pro- 
tonated and unprotonated, respectively, i n  the uncomplexed proteiii 
,it the pH of the study. 
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TABLE 11: Binding of Peptides to Nitrated NP-11 a t  p H  6.2." 

Dipeptide K' (i SD), M-' Tripeptide or Tetrapeptide K' (j=SD), M-' 

Gly-Tyr-NH, 5 . 3  x 10' i 0 . 1 8  x 10' Gly-Tyr-Phe-NH, 2 . 5  x 102 =!= 0 . 2  x 102 
Ala-Tyr-NH2 2 , 4  X 102 f 0 . 3  x 102 Ala-Tyr-Phe-NH, 
Ser-Tyr-NH, 

Nle-Tyr-NH, 
Met-Tyr-NH, 1 . 7  x l o3  i 0.02 x lo3 Met-Tyr-Phe-NH2 
Phe-Tyr-NH2 1 . 4  x 104 i 0.13 x 104 Phe-His-Gly-Lys <lo'  
[Cys-Tyr-NHd, 

Pro-Tyr-NH, <lo' 
Met-Tyr <lo'  Met-Phe-Gly -10, 
Leu-Gly-NH, <lo'  Gly-Gly-Tyr-NH? < 10' 
Leu-Ala-", <IO' N-Ac-Tyr-Phe-NH, <lo' 
Leu-Tyr-NH? 1 , 2  x l o3  f 0.05 x lo3 Leu-Tyr-Ile-NH, 
Leu-Trp-NH, -102 

1 . 2  x 103 + 0.03 x 103 
5 . 7  x 102 f 0 . 2  x 102 
1 . 3  X l o3  i 0.07  X l o3  
2 . 4  x 103 f 0.07 x 103 

3 . 9  x lo3 & 0 . 4  x l o 3  

a-NH2-butyryl-Tyr-NHz 

7 . 0  x 103 i 0 . 3  x 103 

5 . 5  x 103 + 0.07 x 103 
I S-Methyl-Cys-Phe-Ile-NH, 4 . 1  x 103 i 0 . 2  x 103 

S-Methyl-Cys-Tyr-Phe-NH, 

3 . 6  x 103 + 0 . 8  x 103 

a Conditions: 0.16 MKCI, 2 x 1 0 - 4 ~ p r o t e i n  concentration. 

binding energies of peptide and hormone are 5.2 and 8.3 
kcal, respectively. Intrinsically, S-methyl-Cys-Tyr-Phe-NH2 
has 63 of the binding free energy of oxytocin or vasopressin. 

Binding Constants of Small Peptides at p H  6.2. Table I1 
shows the binding constants to bovine NP-I1 obtained with a 
series of small peptides at pH 6.2. The data should be viewed 
from the perspective that the peptide S-methyl-Cys-Tyr-Phe- 
NH2 is almost an exact analog of the first three residues of 
lysine vasopressin and that Met-Tyr-Phe-NH2 is apparently 
an equally appropriate analog since it has been shown (Bres- 
low and Abrash, 1966) that changing residue 1 of oxytocin 
by adding an additional methylene between the sulfur and 
the cu-NH2 is without effect (or slightly increases) the binding 
constant. It also should be noted, as shown above, that lysine 
vasopressin (position 3 = Phe) and oxytocin (position 3 = 
Ile) differ only slightly in their affinity for NP-I1 and it is 
assumed here that effects (or lack of them) produced by struc- 
tural changes a t  a particular position among residues 1-3 in 
one hormone will be duplicated in the other. Finally, it  should 
be stressed that the binding constants reflect (among other 
properties) differences in the state of protonation of the a- 
amino of each peptide at pH 6.2. Fortunately, only the a- 
amino groups of (Cys-Tyr-"?),, the S-methyl-Cys-peptides, 

and Met-peptides are significantly deprotonated at pH 6.2; 
in the latter two cases the degree of deprotonation is only 20 
and lo%, respectively. Thus, differences in the pK,'s of the 
different a-amino groups can, for the most part, be neglected. 

Several facts are immediately apparent from Table 11. 
First, with respect to the side chain of residue 1, sulfur does 
not play a unique role; substitution of sulfur in Met-Tyr-NH2 
by CH,, as in Nle-Tyr-NH2, leads to no decrease in binding. 
However, in both dipeptides and tripeptides, loss of the side 
chain in position 1 (substitution of methionine by glycine) 
leads to a 30-fold decrease in binding ; compare Met-Tyr-NH2 
with Gly-Tyr-NH2 and Met-Tyr-Phe-NH, with Gly-Tyr-Phe- 
NH?.  This decrease is due principally to loss of the 6- and y- 
methylene groups since a-aminobutyryl-Tyr-NH2 has 2/3 the 
binding constant of Met-Tyr-NH,. Within experimental error, 
the contribution of the @-methylene group is the same in both 
di- and tripeptides as evidenced by the similar increases in 
binding affinity on changing residue 1 from glycine to alanine 
in the two series. Other pertinent facts about substituents in 

the side chain of position 1 is that addition of an OH to the 
6-carbon does not increase binding as much as addition of 
a CH3 group (compare Ser-Tyr-NH2 and a-aminobutyryl- 
Tyr-NH?) and that, as in the hormones, increasing the number 
of carbon atoms between the cr-NHz and the sulfur is without 
effect or slightly increases binding (compare Met-Tyr-Phe- 
NH2 and S-methyl-Cys-Tyr-Phe-NH? taking small differences 
in their respective degrees of protonation at pH 6.2 into ac- 
count). A striking feature of changes in position 1 are the high 
binding constsnts shown by (Cys-Tyr-NH2)r and particularly 

I 
by Phe-Tyr-NH,. It is possible that the strong binding shown 
by (Cys-Tyr-NH& is related to its potential to form a biden- 

tate complex, but the same is not true of Phe-Tyr-NH?. 
The data are best interpreted in terms of hydrophobic inter- 
actions a t  the side chain of residue 1 .  

Among the other modifications of note at position 1 was 
the substitution by proline. The lack of binding of Pro-Tyr- 
NH2 can probably be attributed to restricted access to the 
a -NH group in the prolyl residue. In addition, the lack of 
detectable binding by Gly-Gly-Tyr-NH2 indicates that, as 
in the hormones (Kluh et al., 1973), the distance between the 

$ 51 i \ i 
\ 

0 .2 .4 - .6 .8 1.0 
Y 

FIGURE 4: Representative binding isotherms of two peptides to 
nitrated NP-I1 calculated from single experiments as explained in 
the text. The lines through the data points represents the least- 
squares fit of the data. Conditions: 2 X M protein, pH 6.2,0.16 
M KC1. 
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a-NH2 and the tyrosine cannot be varied without a loss of 
binding affinity. 

In position 2, it is clear that only peptides having an aromatic 
hydrophobic residue in position 2 bind with any affinity. A 
similar situation was previously demonstrated in oxytocin 
where it was shown that analogs having a glycine or isoleucine 
in position 2 bind with less than l/looth the affinity of oxytocin 
(Breslow and Abrash, 1966). We have not yet done a detailed 
study of the effect of a Tyr+Phe substitution in position 2, 
but. as in oxytocin, comparison of S-methyl-Cys-Phe-Ile-NH2 
and S-methyl-Cys-Tyr-Phe-NH2 suggests that Phe is as effec- 
tibe. or almost as effective, as Tyr in position 2. Trp in position 
2 also seems to  allow binding (see Leu-Trp-NH?) but the 
shape of the binding isotherm generated by this peptide was 
nonlinear, suggesting that quantitatively it may perturb the 
nitrotyrosine diflferently than the other peptides. Most inter- 
estingly. no binding was observed of the peptide Phe-His- 
Gly-Lys. This cannot be due to  the positively charged side 
chain in position 4, since [4-ornithine]oxytocin binds more 
strongly to NP-I1 than does oxytocin (Breslow and Walter, 
1972). I t  is also unlikely that the failure of this peptide to  bind 
resides in the free a-carboxyl in position 4. Although binding 
i z  aft'ected (see below) by free a-carboxyl groups, the efect is 
dependent upon the distance between the carboxyl and a- 
N H 2  and would not be expected to  be major when the car- 
boxyl is a t  position 4. Therefore, the failure to bind is most 
readily attributed to the Tyr -+ His substitution. That His 
does not bind with an affinity approaching that of Phe. Trp. or 
Tyr. despite its aromaticity and structural similarities to both 
Trp and Phe, is most readily explained by the assumption 
of :I water-free pocket for the bound tyrosine in position 2 .  
Insertion of a histidine side chain into this pocket would 
necessitate both complete deprotonation (which in itself 
probably is not too energetically expensive at p H  6.2) and 
more importantly, loss of hydrogen binding between the 
imidazole nitrogens and water. 

The influence of a negatively charged a-carboxyl group on 
the peptide near to residues 1 and 2 region can be seen by the 
extremely weak binding of Met-Tyr and the weak binding of 
Met-Phc-Gly relative to Met-Tyr-NH,. This may reflect either 
the hydrophobic nature of the binding site or repulsion of the 
negatively charged protein carboxyl group presumed to par- 
ticipate in the llrinding process. 

Last, the ett'ect of position 3 can be ascertained by compari- 
son of tripeptides with Phe or Jle in position 3 with the cor- 
responding dipeptides. When position 3 is Phe-NH?. the tri- 
peptides almost uniformly show a four- to fivefold increase 
in binding relative to the dipeptides. Within experimental 
error, this increase is independent of whether position 1 is 
Gly, Ala, or Met. In  the one case examined in which Ile-NH? 
wiis added as position 3 (compare Leu-Tyr-NH? with Leu- 
Tjr-Ile-",), the increase in binding was only threefold. 
Further studies on the effect of Ile-NH, in position 3 are 
clearly needed to determine whether Ile-NH? binds more 
weakly than Phc-NH, or whether the smaller effect of adding 
a n  Ile-NH? in this instance is due to  the nature of residue 1. 
We tend to favor the latter explanation, since oxytocin (posi- 
tion 3 = Ile) binds at least as strongly to  NP-I1 as does lysine 
vasopressin (position 3 = Phe). 

E f l k i s  (? f '  Binding o t i  rlie Scditnenrarion Vrlocir), of NP-11. 
Although binding plots were apparently linear at pH 6.2 and 
no clfects of protein concentration on binding were noted 
which were clearly outside the range of experimental error. 
sedimentation velocity studies indicate that an increase in 
.si, , , ,  accompanies binding of both peptides and hormones to 
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both native and nitrated NP-11. Neurophysin-I1 (Breslow 
et d., 1971) and nitrated NP-I1 behave in the ultracentrifuge 
as if they were in monomer e dimer equilibrium. At 17H 6.2.  
addition of saturating concentrations of S-methyl-CJ b-phe- 
Ile-NH? (3  X hi) increased the S ~ O . , ,  of nitrated Np-11 ill 
0.25 mg!ml from 1.37 =t 0.04 to 1.78 -* 0.03 and at  I mg nli 

from 1.76 f 0.03 to  2.10 = 0.04. Lower concentrations of  
peptide (3 X 10 -' hi) led to only half the increase in , Y ~ ~ , , ~  'I 

given protein concentration. This elfect was studied further 
using native NP-I1 over a wider range of protein conceiitrii- 
tions (Table 111). The results indicate that both horniones anii 
binding tripeptides cause comparable increases in ,iio, , ,  of 
NP-I1 (20 -30z ) ;  nonbinding peptides such a s  L ~ U - G I ~ - N H  
did not produce any change in sedimentation vLBiocit1. [n 
addition the data indicate that the s.,~,,\- ~ a l u e s  of the peptidr- 
or hormone-saturated protein are dependent on the concen- 
tration of protein in much the same manner as are those of the 
free protein. Such data rule out the possibility that either 
monomer or dimer is the sole binding species. since in t h  
hypothetical instances the S?O,,, of the saturated comp 
would be independent of protein concentration. I t  remains 
then to  assign the origin of the increase in 
a small portion can be attributed to the w 
peptide. In brief the data indicate either a shift to a slightly 
higher value of the monomer @ dimer equilibriuni constant 
when peptide is bound (a slightly greater preference o f  the 
peptide for dimer than for monomer) a n d o r  a conformational 
change. Although firm proof of ;I conformationnl changc is 
not found in these data, it should be noted that L,hanges in 
monomer $ dimer equilibrium are often ;I reflection c)f 
changes in conformation (with attendant change  in inter- 
subunit contacts). Interestingly. the fact t h a t  difi;.rcnct,\ in 
.PO,,, between NP-I1 and its complexes remain t~onstant o r  
slightly increase \vith a 20-fold increase in protein concentra- 
tion also suggests that the sedimentation velocit) of the 
dimeric forms of free NP-I1 and its coniplexe 
/,<',, that extrapolation to 100% dimer in each c 
a higher .s2,),.,,- for the complex. Thus ,  i t  is prob, 
formational change attends binding. In either c i cn t .  the data 
indicate that both hormones and tripepiides habc \ t r y  zimilar 
etfects on the sedimentation velocitj of NP-11. 

Co/npcrrison o,f'rlir Eff2cr.v ot7 Circirltrr Dicliroistii of Oitiditig 
Hortiioncs und Sintill PcpiidcJ A n d o g s .  The oierall similarity 
of circular dichroism changes attending binding of hormones 
and small peptides has already been noted and thc origin of 
many of these changes ascribed (Breslok, 1970; Breslo~.  and 
Weis, 1972). We have now noted ho r .  after a \ c r y  largt. 
number of studies of peptide and hormone binding. that there 
are certain small but reproducible near-uv dili'erenccs iii~twccn 
the peptide and hormone binding situations. (Again. potential 
small differences in the far-uv region are ditliciilt to :IY,LM 

becaube of the poor signal to  noise ratio in  t h i b  rt*gion.) 
Figure 5 shows the near-uv ellipticity dilt'erence spectra arihing 
from binding oxytocin, Phe-Tyr-NH? and S-meth) I-C:) >- Lyr- 
Phe-NH?. Qualitatively, as nated pre\iously. ellipticity 
changes attending binding are the same in all u:iveleng:h 
regions--an increased negatile ellipticity above 290 nm (at- 
tributed to disulfides), an increased positibe ellipticity in thc 
265- to 290-nm region (shown to be due principall) t o  the 
peptide or hormone tyrosine with small contributions from the 
protein tyrosine) and a markedly increased posithe ellipticity 
near 240 nm (attributed in large part to disulfide>). Figure 5 
shows that tyrosine changes in the 265 -290 nni a re  quantita- 
tively greater for the small peptides shoNn here than for oxy- 
tocin, but that oxytocin (and a s  can be seen from comparison 
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TABLE 111: Effect of Hormone and Peptide on the Sedimentation Velocity of NP-11." 

s20,w (S) a t  NP-I1 Concentration (mgiml) 

Peptide or  Hormone Concn 0.25 0.5 0.8 1 1.55 2 5 

S-Methyl-Cys-Phe-Ile-NH2 

S-Methyl-Cys-Phe-Ile-NH2 

S-Methyl-Cys-Phe-Ile-NH2 

Oxytocin (0.15 mg/ml) 
Oxytocin (0.5 mg/ml) 
Oxytocin (1 mg/ml) 
Lysine vasopressin 

(0.5 mg/ml) 
Lysine vasopressin 

(1 mg/ml) 

( 5  x 1 0 - 4 ~ )  

(1 x 1 0 - 3 ~ )  

(3-5 x 1 0 - 3 ~ )  

1 . 3 0  f 0.06  1 .49  * 0.05 1 . 5 0  1 . 5 4  f 0.04 1 .66  f 0.03  1 . 6 8  =t 0.03  1 .87  
1.52 1 . 6 4  1 . 8 3  1 .93  

1 .61  1.81 =k 0.05 2.01 1 .97  * 0.04  

1 .64  1 . 7 0  1 . 9 3  1 .99  2 .27  

1 .25  1 . 6 0  
1 .92  
1 . 8 6  

1.86 
2 .32  

2 .39  

a Conditions: pH 6.2 in 0.16 M KCI, 0.02 M in phosphate buffer; temperature = 24.5". Where average deviations from the mean 
are reported, results represent the average of from two to eight determinations a t  each concentration. Where no average devia- 
tions are reported, only a single sedimentation run was performed. Standard deviations on each single run were computed by the 
method of least squares and ranged from =t0.03 to +0.07 S unit. In experiments performed with schlieren optics (See Materials 
and Methods) only a single symmetrical peak was observed in all studies. In experiments in the presence of hormone and peptide, 
NP-I1 is saturated with hormone a t  all concentrations used and is essentially saturated with peptide a t  the highest peptide concen- 
trations used. At the lower peptide concentrations, NP-I1 is 50-60z saturated at 5 X M total peptide and 70-80z saturated 
a t  1 x M total peptide at the protein concentrations used. 

with Figure 1, vasopressin as well) shows quantitatively greater 
negative ellipticity changes near 300 nm and greater positive 
ellipticity changes near 240 nm. We do not have sufficient 
data to ascertain whether all peptides differ from oxytocin in 
the 265- to 290-nm region, or to  what extent different peptides 
differ among themselves in this region. However, the data 
shown here indicate that the presence of Phe in position 3 of 
lysine vasopressin in itself does not account for the lower 
difference curve generated by lysine vasopressin than by oxy- 
tocin (see Figure 1) since one of the peptides has Phe in 
position 3. In the 240- and 300-nm regions, moreover, all pep- 
tides differ from the hormones as do these shown here; these 
differences are well outside the limits of experimental error 
and are consistently reproduced. Of the changes near 300 nm, 
the data suggest that a single difference ellipticity band found 
with the hormones and centered a t  300 nm is absent in the 
peptide complexes. Previously, ellipticity changes above 290 
nm and near 240 nm were attributed solely to  the disulfides 
of the protein, because qualitatively they were observed on 
binding both hormone and non-disulfide-containing peptides 
(Breslow, 1970). The new results indicate most probably that 
the disulfides of the hormone also contribute significantly to  
CD changes near 300 and 240 nm; it is alternatively possible, 
however, that binding of hormone perturbs the disulfides of 
the protein differently than binding of the smaller peptides. 

Discussion 

A potential pitfall in using analogs to  define quantitatively 
the binding interactions of the intact hormone is that binding 
of analogs may occur through different interactions than do 
the hormones. In the present system, with the possible excep- 
tion of Phe-Tyr-"2, this seems unlikely. The analogs strongly 
resemble positions 1--3 of the hormones, appear to  produce the 
same changes in Hf  ion equilibria (Breslow et al., 1971) and 

sedimentation velocity as do the hormones, and qualitatively 
produce very similar changes in circular dichroism as do the 
hormones ; moreover, since CD spectra are markedly sensitive 
to  small differences in orientation, no fundamental differences 
in the binding of analogs and that portion of hormone which 
they represent need be postulated to explain the CD differ- 
ences which are observed. Finally, the data presented in 
Table I1 indicate that in those instances where specific modi- 
fications of the intact hormone have been studied, comparison 

Phe-TyrNH, 
S-methyl-Cys-Tyr- PheNHe ....... Oxytocin 

250 260 270 280 290 300 310 320 330 340 

X(nrn) 

FIGURE 5:  Near-uv difference CD spectra generated by mixing 
2 X M NP-I1 with 2 equiv of oxytocin (100% saturation), 2 X 

M S-methyl-Cys-Tyr-Phe-NH2 (90% saturation) or 1 X M 
Phe-Tyr-NH2 (90% saturation). Conditions: pH 6.2,0.16 M KC1. 
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with the same modifications in the peptides produces, at least 
qualitatively. the same effect on binding affinity to  neurophy- 
sin. 

The binding data therefore indicate that two-thirds of the 
hinding free energy of the hormones is t o  be found in the 
isolated tripeptide from the ;imino terminus. Two possible 
sources of the remaining one-third of the binding free energy 
of the hormones can be postdated: either positions 1- 3 of the 
hormones are preconstrained by the ring conformation of the 
hormone!, into ii configuration necessar) for binding such that 
they huil'cr less of a n  entropy decrease on  binding than the 
same residues in the small peptide, o r  there are binding posi- 
tions on the hormone located sonieuherc in residues 4-0 .  
It is probahlc tha t  Lxth situations a r e  present. tviclence for the 
role of confoririation in particular conies from an  apparent 
diii'crc~nce i n  the quantitative contribution of position 3 in 
tripeptide!, a n d  in the horiiiones. In  the latter, substitution of 
position 3 17) glqcinc leads to ;1 decrease in binding atfinity to  
I '.{,,th o f  its original \slue (Breblow and Abrash. 1066). In the 
small peptides studied here. loss of position 3 leads to a de- 
crcahc' in binding to about one-fourth of the original value. 
Such tlata mu\t inean either that position 3 is more precon- 
strained in the LinboLind hormones into a conformation 
favorahlc for binding than i t  is in the tinbound tripeptides 
or that position 3 in the hormones influences the conforma- 
tion of other hormone residues involved in  binding. I t  should 
be aililcti that the etfect of position 3 in  the tripeptides cannot 
he ciiic solclq to iis potcntial ctl;.ct on tripeptide conforma- 
tion: nnii' \tLiiiics ( B a l a r a m  Ct ( I / , .  submitted for publication) 
iiiilicritc that the side-chain proton!, of position 3 in model 
tripcptiilcs (par t icu lar ly  protons associated with the &carbon) 
arc broadened b) binding to XI-'-11. 

A role of residues other than 1 3 in binding to NP-11 is sug- 
gcitccl 111 pre\ ious studies (Breslow and Abrash, 1066; 
B r e h u  anii  Walrcr. 1972) Lvhich indicate that although modi- 
fication!, o f  reaicluca -1, 5 .  and 9 do not cause major decreases 
in hinciing aflinity , wiall changes do  occur. Specitically. sub- 
stition of position -1 h y  glycine leads to a 40% decrease in 
binding while stibstittition b y  ornithine leads to  an  apparent 
incrfiisc in binding t o  NP-II  of sornewherc brtuecn -1- and  30- 
fold (althotifh no mtijor cll'cct on hinding to NP-I was seen 
i n  thc latter case) .  Substitution of Gly-NH: in  position Y of 
oxqtocin 1.4 GI) lcails to an  apparent decrease in binding t o  
about  onc-half the original value, In the present sttidieb. 
dillcrcncch i n  the CD spectrLi of coniplcws of oxytocin and 
\a\oprc\sin inaq also indicate sonic participation of the tail 
of one ~ i '  both of the hornionci in binding; such differences 
do not ~ w i i  to he diic to diifcrences in position 3 as judged 
17) o u r  peptide stLitlicx (Figure 5 ) .  I t  i, possible that diiferent 
intcrxtions of the tail5 of thc two hormones with N P  change 
the preferred orientation of residues 1-3 sufficiently to  perturb 
the CD spectra. How r. with any of the above erects. it is 
again not certain whether they reflect direct participation of 
other rc,idtics t h a n  I 3 in binding or an cfyect of these resi- 
cities on hormone conformation uhich in turn modifies inter- 
action5 a t  positions 1~ ?. 

T h e  peptide binding data indicate not only that the princi- 
j i a l  f r ~ ~  energy of hormone binding is derived from residues 
I 3. [ l o t  also suggest that  slightly mor; than half of the bind- 
ing free energ) lies in  r e d u e s  1L2 alone. Thus. the calculated 
intrinxiL hindiiig canstant. I<". of Met-Tyr-NH, (corrected 
from the hincting d:ita Lit pH 6.2 tising a determined p K ,  of 
7.25 for the peptide wamino) is 2.0 x 10'j; the intrinsic free 
energy of binding of the protonated species is 3.4 kea1 com- 
pared n i th  8 . 3  kca l  for the hormones themselb.es. Within the 
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dipeptide, it is possible to  sort out the contributions of some 
of the segments of the side chain in position 1 (see below) 
but is not possible rigorously to  distinguish between the con- 
tributions of residue I and 2. This is hecatise the data provide 
clear evidence for cooperativity betNeen residtieh I anii 2 on 
binding to NP-I1 as can be seen from several comparisons, 
First. stibstitiition of Tyr in Le~i-Tyr-": by Gly reduces 
binding by a factor of greater than 100; if all of this e fec t  
\\ere attributed to the loss of tyrosine alone, the free energy of 
binding of tyrosine in position 2 would be calculated 215 a t  
least 2.9 kcal. Subhtitution of Gly in Gly-Tyr-NH,. by Pro 
leads to a greater than 5.3-fold decrease in binding a n d  sub- 
stitution of Gly in G1y-7'qr-Phe-NH2 by an acetyl group leads 
to ii decrease in binding of greater than 25-fold: if thew ellects 
were attributed solely to loss of rhe a-NH. the free energy of 
binding of the w N H 2  would be calculated a s  a t  1 
in the first case and at  least 1.9 kcal in the second. When i t  is 
recognized that these are all minimum values, i t  becomes clciir 
that the estimated indk ic lua l  contributions of retidue3 I and 
residucs 2 exceed their stimmeil contributions in the peptides. 
For example. the total free energy of hindin& ofCI ) -Tyr -NH ,. 
in which 130th the (r-NH. and tyrosine are pre!,ent logether i h  

only 2 . 1  keal, ii value which is less than the ahove catimated 
contribution of the tyrosine alone. Such results indicate that 
loss of  tjrosine in position 2 lea& to ueakening of binding a t  
residue 1 and that loss of the tr-NH2 reduces binding by the 
tyrosine in position 2 :  i . ~ . .  positi1.e cooperativity in hiritiing 
exihts between retidues 1 a n d  2. I n  vievv of th i s ,  and 111 L i e u .  

of the fact that the dipeptide Met-Tyr-NH' pro\idi's niorc 
than half of  thc  binding frev energy of the horiiwnC\. LLC 

postulate that t h i  cooperative binding of  resiiitich 1 :in<! 2 
provides the principal driving force for the binding of the hor- 
mones. This i b  supported by, but not ;IS explicitly evident from, 
the marked cl'iects of substituting the CY-"! and tyrosine in 
position 2 of the hormone. I t  i!, also of interest that nii11' cvi- 
dcnce for a linkage hetv,cen binding at  po\itions 1 a n d  2 cxixts. 
The relati\.e hroadening of ortho rs .  ineta protons on the 
tgrosine in poiition 2 of small peptides. on binding t o  N P ,  
is influenced b j  the nature of the side chain in pot i t ion  1 
(Balaram i v  d., suhniitted for publication). 

I f  there are cooperative interactions bct\veen the binding of 
resicliies 1 and 2.  there is little apparent cooperativity between 
the side chain of residue 1 and rezidtic 3. The fact that the 
same free-energ) increases (the snme relatile increaw in 
binding constant) accompany the addition of Phe-NH? in 
position 3, irrespective of whether residue 1 i h  GI). A h .  o r  
Met, suggest5 it large degree of independence in the binding of 
these two side chains. a t  least in the case of small peptides. 
This i5 inevitablq paralleled by the similar frcc-cncrg\ in- 
creases o b s o d  on increasing the length of the sidc chriin in 
position 1 irrespective of whether the binding peptide has two 
or three rLGduc\. 

Analysis of  the rest of the binding data further sLipports thc 
presence of a hydrophobic region a t  the binding site.  The free- 
energy increase observed on increasing the length of the carbon 
chain in residue 1 is 0.9 kc2l  on going from Gly to .Ala,  1.0 
kcal on going from .Ala to u-aminobutyryl and 0.4 Lcul  on  
changing from ru-aminobutyryl to norleucine (the nor\alyl  
compound was omitted from this study. a b  e\plaineil in 
Materials and Methods). Clearly, the 3- and y-carbon atoms 
contribute inore in free energy than do  the more distant car- 
bons : interestinglq. nnir sttidie> suggest that protons altacheci 
to the 3-carbon a re  broadened by binding slightly more than 
thost. a t  the y-carbon (Balaram e r  d,, submitted for publica- 
tion). The magnitude of approxiinately 1 kcal/CH, residue 
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for the first two CH, groups is in good agreement with theoreti- 
cal and observed values for the transfer of a CHI  from water 
to  a nonaqueous environment (Kauzmann, 1959; Holler ef 
a/., 1973). While this value must be viewed with caution since 
it may well include a possible free energy of interaction be- 
tween the a-amino and the side chain in position l ,  the data 
are consistent with a hydrophobic environment for the bound 
side chain in position 1. The unexpectedly tight binding of 
Phe-Tyr-NH? supports this interpretation. No specific role 
for the sulfur in position 1 is evident from our data (i.e., its 
electronegativity does not appear to  be important in binding) 
but it is possible that, in the hormones, the disulfide bridge 
constrains the hormones into a favorable conformation for 
binding, and it may also provide a more sterically acceptable 
binding site for neurophysin than a n  extended carbon chain. 

In position 2, data for both the hormones and peptides 
indicate that only residues which are both aromatic and hydro- 
phobic can bind. While such a situation might suggest that the 
aromatic residue in position 2 of the peptide “stacks” with a n  
aromatic residue in the protein, this is not in  accord with nmr 
data (Balaram et a/., 1972) which show n o  significant upfield 
shift in the position of the aromatic protons of position 2 in 
bound peptides as would be expected in a stacking situation 
(Deslauriers and Smith, 1970). Cohen et a/. (1972) have shown 
that the ring protons of the tyrosine of oxytocin are not shifted 
upfield on binding and have similarly argued against stacking 
for the hormone tyrosine. Moreover, even if proximity be- 
tween the protein tyrosine and the peptide tyrosine is allowed 
(Balaram et a/., 1972), the protein tyrosine “ortho” protons 
clearly move downfield on  binding (Balaram et a/.,  1972) a 
situation not compatible with stacking by the protein tyrosine. 
Thus, it is possible that the apparent requirement for aromatic- 
ity and hydrophobicity is, in reality, a steric requirement for a 
hydrophobic residue which is planar, rather than for one which 
is necessarily aromatic. 

Finally the data presented here illustrate the usefulness of 
small peptide analogs of the first three residues of the hor- 
mones in extending our insights into the mode of hormone 
binding. In addition to  demonstrating cooperativity between 
residues 1 and 2 on binding, and further defining the role of 
residues 2 and 3, peptide binding studies have allowed the 
importance of the side chain in position 1 to  first be observed 
(Breslow et a/., 1971) and now quantitated. It is therefore of 
particular interest that evidence for participation in binding 
of the side chain in position 1 of the hormones themselves is 
now emerging. Thus, the probable contribution of the peptide 
disulfide to  the difference C D  spectra generated by binding 
hormone supports involvement of the side chain of residue 1, 
and recent studies of the binding of deuterated hormones 
(Glasel et al., 1973) indicate that nmr signals from deuterium 
atoms on the side chain of residue 1 are markedly broadened 

by binding. Additional peptide binding studies are currently 
in progress t o  resolve the free-energy contributions to  binding 
of the different segments of residues 1-3 into their enthalpic 
and entropic components. 
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