the unpaired electron with the oxygen’s x orbitals contrib-
utes to the magnitude of g#¥ while the oxygen’s y orbitals
similarly contribute to g**. This direction dependency of
the g factors has been of great assistance in the interpreta-
tion?” of semiquinone-solvent interactions?® and the anom-
alous saturation behavior?® exhibited by semiquinones in
rigid media.

The g factors calculated both from perturbation theory
(eq 4) using INDO wave functions and energy levels and
from the modified form of Stone’s semiempirical equation
(eq 6) give results in close agreement with the experimen-
tally determined g factors. On the other hand, both pertur-
bation theory and the modified Stone’s equation yield g"¥
noticeably smaller than the experimental g¥¥. The reason
for the difference is not known. One possible explanation,
however, is that the oxygen’s 2p, orbitals are significantly
perturbed (possibly by the solvent?’) to cause a mixing of
these orbitals with the 2p, orbitals on oxygen. The result of
this mixing would be a relative increase in the value of g¥'¥
and possibly g**. Such a prediction is consistent with the
above results.

Acknowledgment, This research was supported by a Cot-
trell Research Grant from Research Corporation.

References and Notes

(1) For a recent review of the file, see H. M. Swartz, J. R. Bolton, and D. C.
Borg, Ed., ""Biological Applications of Electron Spin Resonance'’, Wiley,
New York, N.Y., 1972,

5997

(2) P. Jost, A, S. Waggoner, and O. H. Griffith, *Structure and Function of
Biological Membranes'', L. I. Rothfield, Ed., Academic Press, New York,
N.Y., 1971, pp 83-144,

(3) H. F. DeLuca and J. W. Suttie, Ed., "'The Fat-Soluble Vitamins"', Univer-
sity of Wisconsin Press, Madison, Wisconsin, 1969.

(4) R. E. Olson, ''Perspectives in Biological Chemistry", R. E. Olson, Ed.,
Marcel Dekker, New York, N.Y., 1970, p 83.

(5) W. A, Pryor, Chem. Eng. News, 49, 34 (1971).

(6) R. Bentley and L. M. Campbell, "Chemistry of the Quinonoid Com-
pounds”, S. Patai, Ed., Wiley, New York, N.Y., 1974, pp 683-736.

(7) P. A, Loach and R. L. Hall, Proc. Natl. Acad. Sci. U.S., 69, 786 (1972).

(8) G. Feher, M. Y. Okamura, and J. D. McElroy, Biochim. Biophys. Acta,
267, 222 (1972).

(9) A.F.Esser, Photochem. Photobiol., 20, 167 (1974).

(10) J. T. Warden and J. R. Bolton, Photochem. Photobiol., 20, 245 (1974).

(11) M. S. Blois, H. W. Brown, R, M. Lemmon, R. Q. Lindblom, and M. Weiss-
bluth, Ed., "'Free Radicals in Biological Systems'*, Academic Press, New
York, N.Y., 1961.

(12) J. R. Bolton and G. K. Fraenkel, J. Chem. Phys., 40, 3307 (1964).

(13) T. E. Gough and M. C. Symons, Trans. Faraday Soc., 62, 269 (1966).

(14) E. Charney and E. Becker, J. Chem. Phys., 42, 910 (1970).

(15) T. Yonezawa, T. Kamamura, M. Ushlo, and Y. Nakao, Bull. Chem. Soc.
Jpn., 43, 1022 (1970).

(16) E. W. Stone and A. H. Maki, J. Chem. Phys., 36, 1944 (1962).

(17) J. Gendell, J. H. Freed, and G. K. Fraenkel, J. Chem. Phys., 37, 2836
(1962).

(18) B. G. Segal, M. Kaplan, and G. K. Fraenkel, J. Chem. Phys., 43, 4191
(1965).

(19) G. Vincow, J. Chem. Phys., 38, 917 (1963).

(20) D. T. Wilkinson and H. R. Crane, Phys. Rev. [ Sect.] A, 852 (1963).

(21) H. M. McConnell and R. E. Robertson, J. Phys. Chem., 61, 1018 (1857).

(22) A. J. Stone, Proc. R. Soc. London, Ser. A, 271, 424 (1963).

(23) A.J. Stone, Mol. Phys., 6, 509 (1973).

(24) A. J. Stone, Mol. Phys., 7, 311 (1964).

(25) D. S. McClure, J. Chem. Phys., 17, 905 (1949).

(26) H. M. McConnell and J. Strathdee, Mol. Phys., 2, 129 (1959).

(27) B. J. Hales, in preparation.

(28) J. J. Harbour and G. Tollin, Proc. Natl. Acad. Sci. U.S., 69, 2066 (1972),

(29) B. J. Hales and J. R. Bolton, J. Am. Chem, Soc., 94, 3314 (1972).

Carbon-13 Magnetic Resonance Study of Structural
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Abstract: Carbon-13 NMR Fourier transform spectra were recorded and assigned and nuclear Overhauser enhancement pa-
rameters and spin-lattice relaxation times, T',, were measured for 90% !3C enriched carbamyl groups attached to the Al gly-
cine, Bl phenylalanine, and the B29 lysine in zinc insulin and nickel insulin. Similar measurements were made for metal-free
insulin in which only the two /N-terminal amino acids were carbamylated. All measurements were made with the derivatives
in water solution at pH 7.8. The results indicate that the derivatives contain the A1 glycine in two different environments
suggesting that the insulin dimers have an imperfect twofold axis. The correlation times for the overall tumbling of the deriv-
atives were estimated which led to evaluation of the state of aggregation of the derivatives. Likewise, information was ob-
tained as to the relative mobility of the location in the insulin molecules to which the carbamyl groups were attached, via an
estimation of the correlation times for the internal rotation of the carbamyl groups. Finally, the effective distance between
the Ni?* ion in Bl carbamylated nickel insulin and the '*C nucleus in the carbamyl group was estimated to be 10.5 A or less.

Natural abundance carbon-13 magnetic resonance (}3C
NMR) spectra of biopolymers have recently been shown?-°
to contain valuable information on both the structural con-
formation and the segmental motion present in these mole-
cules. However, the detectability of !3C signals in natural
abundance for such large molecules, even with Fourier
transform techniques, and the complexity of the spectra re-
sulting from the overlapping of a large number of 3C reso-
nance lines combine to limit an extensive study of these
structural and dynamical characteristics.

These difficulties can be overcome in part through 3C

enrichment of specific positions of the molecules, thereby
increasing the signal to noise level of the labeled position
beyond the background signals due to the unenriched parts
of the molecule which contain 3C at the 1.1% natural
abundance. Reliable data for the enriched position at bio-
logically significant concentrations have been obtained in
this manner as recently illustrated!® with '3C enriched his-
tidine residues incorporated, in vivo, into a native enzyme.
This interesting approach in general is expensive and time
consuming, and at this stage a more practicable way in
which 13C isotopes can be incorporated is through highly
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specific 13C enriched reagents that react with specific
groups in the biomolecule.!!!2 This method provides expe-
rience with isotopically labeled samples at lower concentra-
tions and explores the biological importance of data which
can be obtained at these levels. The principal disadvantage
of this method is that the modifications may alter structural
features of the molecule important to its biological function
and thereby reduce or destroy its activity. Conversely, if it
can be established that the chemical modification connected
with labeling produces no decrease in the biological activity,
it can be argued that the important structural and dynamic
characteristics of the biomolecule may not be greatly al-
tered from their native state.

In order to explore this possibility a 1*C NMR study was
initiated on insulins modified with highly !'3C enriched
(90%) potassium cyanate at the two «-amino groups, Al
and BI, and the e-amino group of the lysine residue, B29. It
has been demonstrated!? recently that such changes in the
Al amino group do not affect the biological potency of in-
sulin significantly, while the modification of the Bl amino
group results in a decrease in the immunological potency.

Theoretical Considerations

The spin-lattice relaxation times, T, and the spin-spin
relaxation times, 73, of !*C nuclei may involve several
mechanisms. These include dipole-dipole interaction be-
tween !3C and its nearest protons, chemical shift anisotro-
py, spin-rotation as well as scalar, dipole, and quadrupole
interaction with spin other than protons.!4 In addition, it
has been demonstrated!S that even nonprotonated carbons
have a purely dipolar relaxation mechanism when they are
incorporated in relatively large asymmetric molecules as su-
crose, cholesteryl chloride, and AMP. Similar results have
been obtained for larger biomolecules.”-!°

Under these circumstances and considering only intramo-
lecular dipolar interactions between !3C and its adjacent
protons, the 7y and T relaxation times for the '*C nuclei
are given by the following expressions, provided rotational
diffusion of the molecules is isotropic and all protons are
saturated:!®

1 1

—— = = h2y2ys2[Jo(ws — wi) +
o= % yi*vs?[Jo(ws = wi)

3J1(wr) + 6J2(ws + w1)] (1)
A2yi2ys? (47, + Jo(ws — wy) + 3J1(w) +

6J1(ws) + 6J2(ws + wp)]  (2)

Here Ji(w). the spectral densities in the case of an isotropic
tumbler, is given by!6:7

6 270
(1 + w?72)
where the subscripts I and S refer to !3C and 'H, respec-
tively, r; is the distance between the 13C nucleus and its i’th
neighboring proton, and . is the correlation time for the
13C-'H dipolar coupling assuming isotropic rotational
reorientation. These equations hold even if w?r,2 > 1.18
Using the same assumptions the differential nuclear Ov-
erhauser enhancement (NOE) parameter is given by!®

- 17 - 10
Io
where I, and Iy are the intensities of the signal with and

without enhancement and Sy is the degree of saturation of
the proton absorption signal defined by

Ji(w) = Zir~ (3)

7 = penSy 2 (4)
Yc

]

S TG S ®
while pcn is a measure of the effectiveness of the coupling
between the magnetic dipoles of the two types of nuclei.
When it is due to intramolecular dipolar coupling modu-
lated by rotational diffusion, it takes the form20

_ 6J5(ws + w1) = Jo(ws = w)
pCH = (6)

Jolws = wi) + 3J1(w1) + 6J2(ws + wi)
where Jx(w) has the same meaning as above. From eq 6 it
appears that pcy and thereby the NOE is independent of
the distances r; for a purely dipolar relaxation mechanism.
From eq 3 to 6 it follows that # can assume a maximum
value of 1.988 if the overall reorientation of the molecule is
sufficiently fast, i.e., w?r,2 « 1. However, for large biomo-
lecules it is found more often that w?r,2 ~ 1. Thus, by nano-
second polarization spectroscopy it has been found?! for a
number of biopolymers in their native states that the overall
rotational correlation times vary between 8 X 107% and 40
X 1079 sec when the molecular weight range is between
17,000 and 66,000. For w; = 1.58 X 108 rad/sec this gives
1.6 < w?r2 < 40. Recently correlation times have been
found’0 by !3C NMR studies of similar magnitude. Under
these conditions n becomes smaller than its maximum value
and varies with 7, as shown in Figure | for w; = 1.58 X 108.

The simple isotropic model is only applicable to rigid
biomolecules for which the only important motion is the
overall reorientation of the entire molecule. If internal seg-
mental motion must be considered this description is inade-
quate, and the theoretical treatment becomes more com-
plex. Freely moving side chains or groups, internal rota-
tions, etc., all could contribute to relaxation processes when
their effective correlation times are in the proper range.
While eq 1, 2, 4, 5, and 6 are still correct, eq 3 now becomes
invalid. Woessner has described the case in which the inter-
nal motion of a given group consists of a random reorienta-
tion about an axis which has a fixed orientation relative to
the rigid frame of the molecule undergoing reorientation.?2
For a carbon located in such a group the spectral densities
are given by:

_ _ AiTr
Jk(w) = 2,’2)‘,’ 6 [m

Cite

Bty ]
+ 7
1 + w?r? 7

1 + wir,?

where for a stochastic diffusion process

7l =T+ (67ing) T
el =17 4+ 2370 !
7l = 6R
Tint~! = 6Rint (8)

where R and Rj, are the overall rotational diffusion con-
stant and internal jump rates, respectively. The geometric
constants in the Woessner equation are

A="Y(3cos?d—1)2
B =3sin2fcos?2 8
C =3sin* 8 (9)

Here 6 is the angle between the axes of internal motion and
the vector between the !3C and 'H giving rise to dipolar re-
laxation.

Using eq 7 Schaefer and Natusch?? pointed out that the
NOE is almost independent of the internal motion whenev-
er 7, <« 7; and wr, is in the range 0.0-0.3 since the first
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term in eq 7 dominates under these circumstances. As w7,
continues to increase beyond this range the overall motion
of the molecule again loses efficiency in the relaxation pro-
cesses and the NOE now is affected by the internal motion,
This has been demonstrated in considerable detail by Dod-
drell, Glushko, and Allerhand?* in the form of plots of
NOE and T vs. 7 and 7jn.

If the observed molecules contain a paramagnetic ion
(e.g., Zn?* jon in zinc insulin is substituted by the para-
magnetic Ni%* ion), the relaxation times and the NOE’s of
the 13C in the molecule may be affected due to the large
magnetic moment of the unpaired electrons whenever the
observed nuclei is sufficiently close to the paramagnetic ion.

The contributions (T1m and Tam) to the overall T and
T; resulting from the paramagnetic ion include an electron-
nuclear dipolar term with equations similar to eq 1 and 2
and a term for the scalar coupling between the electrons
and the '3C nuclei. When 7, << 7, where 7 is the relaxation
time of the paramagnetic electrons, the expressions for Ty
and Tm can to a good approximation be written as

] _ 2 I-Leff'z.BLle 77
T e |3t T 2.2
Tim 15 r 1 + ws?rg

28(S + 1)A2[ Ts }
3 h? 1 + wlrg? (10)
] 1 uefr252‘n2[ 137, ]
= MO g 0T
Tom 15 76 T wlr?
1 S(S + 1)42 -
37 A2 st ienz] (D

Here perr is the effective magnetic moment of the paramag-
netic ion while S'is its spin and A is the scalar coupling con-
stant between the paramagnetic ion and the observed nu-
clei. The Bohr magnetron is given by .

The n parameter in the presence of the paramagnetic
species is given by?*

Lzl s, 1

Iy PCHSH yel + Tle[E]
whenever the paramagnetic species relaxes the !3C nuclei
by a direct mechanism and not through the molecular pro-
tons. In eq 12 it is furthermore assumed that no mecha-
nisms contribute to 7 other than the paramagnetic contri-
bution and the !3C-'H dipolar contribution given by Tp.
The efficiency of the direct mechanism is represented by
k([E] and in the case of fast chemical interaction between
the paramagnetic species and the observed nuclei is given
by eq 10. This assumes that intermolecular interaction with
paramagnetic ions can be neglected.

n = (12)

Experimental Section

Chemicals, The pork insulin used in this work was provided in
high purity by the NOVO Research Institute. The zinc insulin, pu-
rified by column chromatography, yielded only one component
when subjected to polyacrylamide gel disk electrophoresis and gel
chromatography. These analytical methods can detect the presence
of less than 0.5% of noninsulin components. The sample contains
0.49% zinc, corresponding to 2.7 zinc atoms per hexamer, and
14.64% nitrogen. The biological potency was 27.2 1U/mg (24.8-
29.9 1U/mg) as determined by the mouse convulsion test. The fig-
ures in the brackets give the £ = 0.95 confidence intervals.

The KOCN was prepared from 90% '3C enriched KCN26 pur-
chased from Prochem. All other chemicals obtained commercially
were of the highest purity available.

N-Carbamylglycine and N-carbamyl-L-phenylalanine were pre-
pared according to known methods.?’-2 The melting points were
173.5-174.5°C (reported?’ 169-170°C) and 195.5°C (reported?s
195-196°C), respectively, and the yields were 52 and 83%.
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Figure 1, Semilog plot of the differential nuclear Overhauser enhance-
ment parameter, y, for a proton-decoupled '*C nucleus as a function of
the correlation time for assumed isotropic '"H-'3C dipolar interaction.
The curve correspond to a magnetic field of 23.5 kG.

N-e-Carbamyl-L-lysine, Two grams (7.2 umol) of N-a-carbo-
benzoxy-L-lysine (Sigma Chemical Co.) was dissolved in 20 ml of
warm water and cooled to room temperature. After addition of
0.874 g of potassium cyanate the solution was warmed on the
water bath for 30 min with magnetic stirring and then evaporated
to a viscous syrup. On acidification with dilute (1:2) hydrochloric
acid and rubbing with a rod, the material crystallized. After addi-
tion of 3 ml of water, chilling, and filtration, 2.28 g (7 umol, 97%)
of colorless crystals was obtained. The N-a-carbobenzoxy-/N-e-car-
bamyl-L-lysine melted at 115-120°C, turbid melt, with gas evolu-
tion at 127°,

The above was dissolved in 60 ml of anhydrous methanol, com-
bined with 0.5 g of 5% palladium-charcoal, and shaken under hy-
drogen at 60 Ib pressure for 3 hr. After addition of 10 ml of water,
the catalyst was removed by filtration through Celite and the fil-
trate was taken to dryness in vacuo. The residue was dissolved in 7
ml of water and 50 ml of methanol and the product precipitated by
addition of 100 ml of ether. After standing overnight in the ice
box, 1.14 g (86%) of colorless product was obtained which melted
at 180°C (in at 160°C) with gas evolution at 181°C (reported
melting point 211-212°C).?° The compound is insoluble (50 mg/ |
ml) in chloroform, acetonitrile, dioxane, dimethylformamide, and
dimethyl sulfoxide.

Preparation of Metal-Free Insulin and Nickel Insulin, The
metal-free insulin was prepared from recrystallized pork insulin by
a salting-out procedure previously described.3°

The nickel insulin was prepared from the metal-free insulin by
crystallization from a medium containing a surplus of Ni2* jons.
The isolated crystals were then recrystallized once from a medium
of the same composition as that used from the first crystallization
except that no Ni?* ions were added (see ref 30). The Ni2* con-
tent of the final crystals was 0.33% corresponding to 2.2 atoms per
hexamer.

Preparation of Carbamyl Derivatives. A solution of 220 mg of
zinc insulin (37 umol) and ca. 75 mg, 90% '3C enriched potassium
cyanate (925 umol) in 10 ml water was kept at pH 8.4 and room
temperature for 24 hr. The reaction mixture was extensively di-
alyzed against a 0.05 M phosphate buffer, pH 7.8, and concentrat-
ed to ca. 4 ml on Amicon PM-10 ultrafilter. To ascertain a maxi-
mum carbamylation of the a-NH; groups the reaction was repeat-
ed as just described except for the pH value, which was kept in the
range 7.2-7.4 during another 24-hr period. The final sample was a
3-ml solution of carbamylated insulin in 0.05 M phosphate buffer
at pH 7.8. The concentration of the protein was ca. 37 mg/ml, ac-
cording to spectrophotometric measurements.

The nickel insulin derivatives were prepared following the same
procedure as described for the zinc insulin, while the carbamyla-
tion of the metal-free insulin (sample 1) was performed at pH
7.2-7.4 only. A second sample of carbamylated metal-free insulin
(sample 11) was obtained by reacting 300 mg of metal-free insulin
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(50 umol) with 27 mg (333 umol) potassium cyanate in 15 ml of
0.1 M phosphate buffer at pH 7.2, The reaction mixture was kept
at 32-35°C for 18 hr and then desalted on a column (40 X 2.5 cm)
of Sephadex G-25 with 0.05 M ammonium carbonate, pH 8.5, as
eluent. For '3C NMR measurements the desalted protein was dis-
solved in 0.05 M phosphate buffer, pH 7.8, to a concentration of
40 mg/ml.

13C NMR Measurements. High-resolution 'H noise-decoupled
'3C NMR spectra were obtained at 25.2 MHz using a Varian
XL-100-15 spectrometer equipped with Varian Fourier transfor-
mation gear and a Varian 620f computer. The width of the 90°
pulse was 100 usec for a carrier frequency which differs 500 Hz
from the resonance line. All spectra were recorded using 8K data
points and a spectral width of 2500 Hz. This ensures the best possi-
ble signal to noise level for a spectrum of sufficiently high resolu-
tion. The 100 MHz proton decoupling field was produced by a
Hewlett-Packard 5105A frequency synthesizer combined with a
Hewlett-Packard 5110B frequency synthesizer driver and ampli-
fied with a 10 W ENI Model 310 L Wide Band radiofrequency
amplifier connected with a 100 MHz filter. The probe was adjust-
ed to receive the decoupling radiofrequency with practically no re-
flection. Noise modulation of the H; field was achieved by phase
modulating the frequency synthesizer with a (sin x)/x noise band.
During all experiments the temperature was kept at 30 + 1°C.

The spin-lattice T relaxation times were measured employing
the inversion recovery technique.’' Since all the observed reso-
nance signals are within a relatively narrow frequency range (~30
Hz vide infra) the 7', relaxation times of all lines could be deter-
mined simultaneously even though a relative weak rf pulse (H; =
2500 Hz) was used. In all experiments a delay time between pulse
trains in excess of four times the longest 71’s was used to ensure
equilibration of the 13C nuclei.

The n parameters were determined by comparing the intensities
of the spectra with and without proton decoupling while the inten-
sities were determined by integrating the signals using a planime-
ter. The width of the noise band was approximately 2500 Hz with
the center of the band placed between the NH and NH; proton
signals arising from the carbamyl groups. At the magnetic field
used here these signals fall within a 60 Hz band. It was found that
the » factors were unchanged within experimental error even
though the center of the noise band was varied by 300 Hz. The
same result was obtained under constant decoupling frequency
with a bandwidth of 1500 or 5000 Hz. These results would indicate
complete saturation of the protons (Sy = 1 in eq 5).

Results

Amino Acid and Electrophoretic Analysis. The extent of
carbamylation in the various insulins was determined by
difference in amino acid analysis. The relative decrease of
the amino acid residues in the derivatives compared to the
unmodified insulins specifies the fraction of amino acids
which are carbamylated. The results thus obtained after a
20 hr hydrolysis of the protein in 6 M HCl at 110°C are
given in Table I for carbamylated lysine, N-terminal gly-
cine, and N-terminal phenylalanine residues. As indicated
in the table all three residues have been substantially la-
beled in the zinc and nickel insulins. Conversely, only a neg-
ligible fraction of the lysine residues were labeled in the
metal-free sample while the two N-terminal residues are
still labeled to a large extent. This result holds, of course,
also when proper correction is made for a 17-30% recovery
of the lysine residue®? from its carbamylated derivative dur-
ing the hydrolysis of the protein and might well have been
expected?3:34 if one considers the pH and the low concentra-
tion of carbamylation reagent used in the preparation of the
metal-free sample. To confirm that_the lysine residue was
relatively unaffected during carbamylation an amino acid
analysis of the second carbamylated metal-free insulin
(sample II) was undertaken in which the amount of car-
bamylated lysine was determined both directly, as homoci-
trulline, and by difference. The uncarbamylated form of ly-
sine was found as before to be in a 20-fold excess. Further-
more, by performing amino acid analyses after 24, 48, and

Table I, Number of Carbamylated Amino Acid Residues per
Monomer Insulin According to Amino Acid Analysis

N-terminal N-terminal

Lys Gly Phe
Metal-free 0.05+0.05 06:02 04:0.1
carbamylinsulin 12
Znt+t 0.22+:0.05 0602 0.2:0.1
carbamylinsuling
Ni2+ 0.24:+0.05 08:02 05101
carbamylinsulin?
Metal-free
carbamylinsulin II
duration of hydrolysis, hr
24 0.03+0.032 05+0.1 04501
48 0.03+0.03? 03:01 03:0.1
74 0.03+0.032 0.15:01 0.2:0.1

a20 hr of hydrolysis. » Determined both as homocitrulline and by
difference (see text).

74 hr of hydrolysis, respectively, it is found as shown in
Table I that a significant amount of glycine and phenylala-
nine are recovered from their carbamy! derivatives during
the hydrolysis of the protein, in the same way as reported3?
for lysine.

A polyacrylamide gel electrophoresis was also performed
on sample II with the carbamylated metal-free insulin dis-
solved in 7 M urea to a concentration of 1-2 g/l and at pH
8.7. These results show only one strong band (more than
95% of the total amount of protein), migrating slightly fast-
er than expected for uncarbamylated insulin, but definitely
slower than expected for insulin carbamylated at the B29
lysine residue, which at pH 8.7 is still primarily protonated.
Furthermore, a weak band corresponding to no more than
5% of the total sample was found in the region expected for
the lysine carbamylated insulin. It, like the main band, mi-
grated slightly faster than expected for an insulin less one
positive charge. We have attributed these minor discrepan-
cies in migration rates to the partial elimination with car-
bamylation of the protonated glycine and phenylalanine
residues, which at pH 8,7 will still be present at about Y5gth
of the concentration of the unchanged glycine and phenylal-
anine residues. Thus, both the electrophoretic and amino
acid analysis indicates that the carbamylation of the lysine
residue is limited to something less than 5%. A similar elec-
trophoresis, performed at pH 4.5, showed two strong bands
in a ratio of about 1:2 corresponding to a mono- and a di-
carbamylated derivative, respectively. A third band, corre-
sponding to uncarbamylated insulin, indicated that this
component was present in only minor amounts. The electro-
phoretic results agree with the amino acid analysis when the
above mentioned recovery of the amino acid residues from
the carbamyl derivative during the hydrolysis of the protein
is taken into account. Having excluded the possibility of sig-
nificant lysine carbamylation both on the basis of prepara-
tive conditions3334 and from direct electrophoretic and
amino acid analysis, it may be concluded that mono- and
dicarbamylated insulin gives electrophoretic bands that are
restricted primarily to labels on the Al glycine and Bl phe-
nylalanine residues. Since the conditions under which the
electrophoresis was performed favor the monomeric form of
carbamylated insulin®* as well as unmodified insulin33 the
electrophoretic results indicate a 0.82 [1(%) + 0.5(%4)] car-
bamylation factor on the average of glycine and phenylala-
nine in good agreement with the results from the amino
acid analysis when extrapolating these data tor = 0.

Analysis of the 13C NMR Spectra. 13C NMR Fourier
transform spectra were obtained on 3-4% solutions of the
carbamylated derivatives of metal-free, zinc, and nickel in-
sulin dissolved in phosphate buffer at pH 7.8. In all three
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Figure 2. Proton-decoupled '3C NMR Fourier transform spectra of
zinc and nickel insulins labeled with 90% '3C enriched carbamyl
groups and in about 5 X 10=3 M water solutions at pH 7.8 and 30°C.
The two observable bands are 1 and 11 from higher to lower frequen-
cies. The frequencies indicated in the figure are downfield from p-diox-
ane as external standard.

cases at least two distinct bands were observed with line
structure in the low-field band. Typical spectra are shown
in Figures 2 and 3 and the chemical shift values for the
three derivatives are presented in Table I1.

As indicated in Figures 2 and 3 the !3C enrichment is
sufficiently high that interference from the naturally occur-
ring !3C isotope is insignificant.

In order to assign the chemical shifts a comparison was
made with the corresponding !3C signals in the carbamyl
derivatives of the free amino acids, lysine, glycine, and phe-
nylalanine, and these values are given in Table II. On the
basis of these data and the results of the amino acid analysis
at least three lines are expected in the 3C NMR spectra of
the carbamylated zinc and nickel insulin corresponding to
the three different labeled amino acids. Two of the lines due
to carbamylated glycine and lysine are expected to be close-
ly spaced from the data taken on the carbamylated free
amino acids while a third line arising from the carbamylat-
ed phenylalanine is well separated from the other two. As
the lysine is carbamylated only to a negligible extent in the
metal-free insulin only two separated lines were expected in
the 13C NMR spectrum of this derivative. Indeed the !3C
NMR spectra of the two metal insulin derivatives are in
agreement with the anticipated results, and band I at low
field, containing two closely spaced lines, is assigned to the
carbamyl carbons on the Al glycine and B29 lysine resi-
dues. Furthermore, the band II at higher field is assigned to
the carbamyl carbon on the Bl phenylalanine residues. The
13C NMR spectrum of the metal-free insulin at pH 7.8
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Figure 3. Proton-decoupled '>C NMR Fourier transform spectra of
metal-free insulin labeled with 90% '*C enriched carbamyl groups. For
further explanation see caption of Figure 2.

Table [I. Carbon-13 Chemical Shift Values2 at 30°C and 25.2 MHz
of the Carbamyl Carbons in Carbamylinsulins and Special
Monomeric Derivatives

Concen-
tration,
Compd? mg/ml Linela LineIb BandII
Insulins
Metal-free
carbamylinsulin 40 2391.1 2390.2 2361.8
Zn2+
carbamylinsulin 37 2392.1 2390.2  2362.1
Niz +
carbamylinsulin 33 23909  2389.6  2362.7
Amino acids
e-Carbamyllysine 133¢ 2392.3
Carbamylglycine 82¢ 2387.0
Carbamylphenylalanined  145¢ 2366.1

2The chemical shift values are in Hz, downfield relative to dioxane
as external standard. The values in ppm can be obtained by dividing
by 25.1800. The frequencies were reproducible within 1 Hz. The un-
certainties of the relative positions of the lines within the same spec-
trum are less than 0.5 Hz,  These compounds were dissolved in 0.05
M phosphate buffer at pH 7.8. ¢ Corresponding to a 0.7 M solution.
dDuye to the low solubility of the Phe derivative at pH 7.8, the pH
was raised to 12 in order to obtain a 0.7 M solution. To check if the
increase in pH has any effect on the chemical shift value, a spectrum
of the glycine derivative was recorded under similar conditions. The
measured chemical shift value was identical with the one indicated
above, within the experimental error.

(upper spectrum in Figure 3) exhibited an unusual feature
in that it also manifests two very closely spaced lines of ap-
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Figure 4, Proton-decoupled '3C NMR partially relaxed Fourier trans-
form spectra of carbamylated zinc insulin. See also caption of Figure 2.
The number of transients per spectrum was 2000. The repetition time
of the 180°-7-90° pulse sequence was 4.4 sec. Delay times, 7, between
pulses are given in the figure.

parent equal intensity in the lower field band. The band at
higher field arising from the carbamyl carbon on the Bl
phenylalanine group showed no line structure although it
was somewhat broad. As both of the two closely spaced
lines in the lower field band can only arise from the Al gly-
cine carbamyl group, these results constitute evidence for
the presence of the glycine residues in two slightly different
chemical environments, It should be emphasized that none
of the 13C spectra of the carbamyl derivatives of the three
free amino acids glycine, phenylalanine, and lysine show
any splitting in the !3C carbamyl lines. Furthermore, the
equal intensity of the two lines rules out the correspondence
to the 2:1 ratio of di- and monocarbamylated species found
in the electrophoretic results. Likewise, the equal intensity
feature tends to mitigate against all similar proposals which
explain the difference in chemical environments for the two
types of glycine on the basis of two different insulin deriva-
tives. Conversely, these intensity data support the presence
of a dimeric species in which the two Al glycine residues
are in slightly different molecular environments, when the
insulin is dissolved in 0.05 M phosphate buffer at pH 7.8.
On the other hand, when the same derivative is dissolved in
0.05 M phosphate buffer at pH 10.9 the two glycine lines
coalesce to a single sharp line, shifted about 0.4 ppm (10
Hz) more upfield, while the phenylalanine line is unaffect-
ed, as shown in the lower spectrum of Figure 3. Exactly the
same change was observed for a sample at pH 7.8 after the
sample had been heated to ca. 60°C for 12 hr. Following
this treatment a spectrum recorded at room temperature
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Figure 5. Proton-decoupled '3C NMR partially relaxed Fourier trans-
form spectra of carbamylated nickel insulin. For further details see the
captions of Figures 2 and 4.

and 90.5 MHz using a Bruker HX 360 spectrometer
showed the same pattern with a relative sharp and a relative
broad line, now shifted 72 Hz apart.

In the case of carbamylated zinc and nickel insulin the
labeled lysine is present in about one-third of the amount of
labeled glycine according to the amino acid analysis. One
would therefore expect a carbamylated lysine peak. Assum-
ing the continued presence of two glycine peaks in these
cases, the lysine peak could be expected to significantly
overlap one of the two glycine peaks. As line Ia is generally
broader and more intense than line Ib it is concluded that
the lysine signal contributes to line Ia. This assignment is
further supported by the facts that the signal from the car-
bamyl group in carbamylated free lysine is at lower field
than in the case of carbamylated free glycine and that the
separation between the line Ia and Ib is larger in the lysine
carbamylated derivatives of zinc and nickel insulin than in
metal-free insulin where the lysine label will be negligible.
Using these assignments the agreement between the intensi-
ties of lines Ia and Ib and the extent of carbamylation ob-
tained from the amino acid analysis is good. The glycine la-
beling is assumed of course to be equally distributed be-
tween the two separate signals.

Relaxation Parameters (T, and NOE) for Insulin Deriva-
tives, Values for T, and S(«) were extracted from the par-
tially relaxed Fourier transform spectra by a two-parameter
least-squares fit of eq 13. In this equation

S(1) = S(w) (1 — K exp (—Ti>>

1

(13)
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Figure 6. Proton-decoupled 13C NMR partially relaxed Fourier trans-
form spectra of carbamylated metal-free insulin. For further details see
captions of Figures 2 and 4.

K = 2 for a perfect 180°-7-90° pulse sequence. In the
present experiments, however, since the applied H; field is
equivalent only to 2500 Hz, the residual static magnetic
field Ho in the rotating frame corresponding to the 500 Hz
off-resonance position of the carrier frequency is not negli-
gible, thereby making Hsr slighly unequal to H,. This
causes | S(0)] < S(«). A simple calculation using the above
mentioned magnitude of H, and Hj indicates that K = 1.92
and this value was used in eq 13 to obtain the two-parame-
ter fit of T, and S(w). Typical plots of partially relaxed
spectra are given in Figures 4, 5, and 6, while the success of
the exponential fits is shown in Figure 7. Even though the
two lines in band I significantly overlap especially in the
case of metal-free insulin (Figure 6), it is still possible to
follow the differential relaxation of line Ia and Ib separately
when the partially relaxed spectra are carefully frequency
aligned as in Figures 4-6. It is readily apparent from the
spectra in these figures that the relaxation times of the two
lines in band I are clearly different as one line passes
through the null point before the other. For this intermedi-
ate delay time, the two lines are actually oriented in oppo-
site directions and the presence of two different transitions
is confirmed. These data also unequivocally rule out the
possibility of the splitting arising from a scalar coupling.
Table 111 contains the T, data of the carbamyl 13C in the
three insulin derivatives together with the 1 ¢ confidence
limits. The NOE data obtained by methods outlined in the
experimental section are given in Table IV along with esti-
mated uncertainties in the determination. It is worth noting
that no significant difference in the » parameter was ob-
served for the two lines in band . Also it was found that the
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Figure 7, Peak height of band 11 in the proton-decoupled '3C NMR
partially relaxed Fourier transform spectra of metal-free insulin as a
function of the delay time between the 180 and 90° pulses. Peak
heights are in arbitrary units. The points are the experimental values
while the curve is the two-parameter least-squares fit.

Table Il Proton-Decoupled T,-Relaxation Times for '3C in
Carbamyl Groups in Carbamylinsulin at 30°C and 25.2 MHz2

Line Ia Line Ib Band I1
in msec in msec in msec
Metal-free
carbamylinsulin 943+ 16 1210 + 49 874 + 17
Zn2+
carbamylinsulin 765 £ 13 1155+ 19 758 + 18
Nij2+
carbamylinsulin 722+ 22 1164 +9 536+ 16

2The indicated uncertainties are the 66% confidence limits.

Table IV, Carbamyl '3C Differential Nuclear Overhauser
Enhancement in Carbamylinsulins at 30°C and 25.2 MHz4

Band I Band [l
Metal-free
carbamylinsulin 0.8:0.1 0.6 +0.1
an +
carbamylinsulin 0.6 +0.1 0.5+0.1
Nijz+
carbamylinsulin 0.6 +0.1 0.4 £0.1

2The numbers are in arbitrary units.

n parameters obtained for a sample of carbamylated metal-
free insulin were unaffected within the experimental error
by the addition of 1.2 mg/ml of EDTA-.H,0. This would in-
dicate that one can exclude contributions to the measured %
parameters as well as to the obtained T, values due to para-
magnetic ions that, unintentionally, could have been intro-
duced into the system by the phosphate buffer or the sample
tubes.

Discussion

Conformation and Aggregation of Insulins. The crystal
structure of zinc insulin consists of a hexamer unit cell com-
prised of three dimers oriented about a three-fold axis de-
fined by the two Zn?* ions. In the individual dimers the
monomeric units are tied together by four hydrogen bonds
in an antiparallel arrangement, relating the two monomers
by an imperfect twofold axis.36~3% The deviation from two-
fold symmetry is quite significant in the area of the Al gly-
cine and the A19 tyrosine residues.?® In one of the two mo-
nomers the Al9 tyrosine hydroxyl group appears to be
linked through a water molecule to the carbonyl group of
the Al glycine while in the other, approximately twofold re-
lated monomer the A19 tyrosine hydroxyl group is more
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closely linked with the A5 glutamine residue. These confor-
mational differences may be associated with an adjustment
of the side chains along the twofold axis, necessary for es-
tablishing the hydrogen bonds between the two mono-
mers.>’ A second interpretation is that the distortions are
caused by the specific crystal packing of the hexamers.?’
The effect has also been attributed to sequential zinc bind-
ing during the hexamer formation.?® When the concentra-
tion is above 2 mg/ml in neutral or moderately alkaline so-
lutions, zinc insulin is known to form a monodisperse sys-
tem with a molecular weight corresponding to the hexamer
form, 4041 It is reasonable to assume that this hexamer is es-
sentially the same as that found in the crystal phase,?’ al-
though some changes in the conformation of the dimers
might be expected if the deviation from twofold symmetry
is caused by the crystal packing. For zinc-free insulin the
dimer formation prevails at pH 8,37 even though further
aggregation undoubtedly occurs at high insulin concentra-
tions. Thus, metal-free insulin in 0.03 M phosphate buffer
at pH 7.02 and 25°C is reported to form polydispersed solu-
tions with an average molecular weight ranging from 9,500
to 55,000 for insulin concentrations in the range 0.1-8.0
mg/mg.*!

An important question in this study deals with the influ-
ence of carbamylation of the insulins on the state of aggre-
gation. As mentioned earlier it has been found!? that car-
bamylation of the two end amino groups has no significant
effect on the biological potency, while the carbamylation of
the Bl phenylalanine group causes a decrease in the immu-
nological potency. Likewise it has been reported3” that insu-
lin modified at the Al amino group by carbamyl and other
smaller groups give the normal rhombohedral zinc insulin
crystals, while insulin acetylated at the Bl amino group
cannot be crystallized in the rhombohedral space group.?3
These results indicate that the Al derivatives form hexam-
ers and may have a similar structure to insulin, while a
modification of Bl phenylanine can impair the hexamer
formation in agreement with the fact that this residue plays
an important role in the formation of the insulin hexamer in
the crystal phase.?¢

The zinc insulin samples used here contain 2.7 zinc atoms
per hexamer and it is known*?#3 that the presence of more
than two zinc atoms per hexamer in solution can cause
aggregation beyond the hexamer state. However, it has
been found4? that the binding of the excess zinc is relatively
loose and does not occur in phosphate buffer due to stronger
complexation of this zinc with phosphate. Likewise the
extra zinc can be removed by dialyses at neutral pH. No
extra aggregation caused by the surplus of zinc atoms is
therefore expected in the present study considering the ex-
perimental conditions (vide supra). In order to clarify to
what extent the relative high concentration of insulin deriv-
atives used here can cause further aggregation the chemical
shift and T values were determined for the carbamyl car-
bons using samples with twice as high a concentration of
zinc insulin and nickel insulin as in the samples mentioned
in Table II. However, it was found that the increase in the
concentrations causes no changes in the values of the above
mentioned parameter within experimental error.

Interpretation of the Results, Perhaps the most unusual
feature of the experimental results is the existence of the
two closely spaced carbamyl glycine lines in the spectrum of
the 4% solution of the metal-free derivative in phosphate
buffer at pH 7.8. This indicates that the glycine residue
under these conditions exists in two different chemical envi-
ronments. Since the predominant form of aggregation for
metal-free insulin under similar experimental conditions is
the dimer, these results constitute evidence that the imper-
fect twofold axis found in the solid is preserved in the solu-

tion. Further evidence for this conclusion is obtained from
the spectrum of carbamylated metal-free insulin at pH 10.9
(Figure 3) as well as of the preheated sample at pH 7.8.
Thus, the coalescence of the two carbamy! glycine lines ob-
served in these cases strongly suggests that a transition
from dimers with two Al glycines in slightly different envi-
ronments to identical monomers has occurred. The change
in environments of the Al carbamyl groups that follows this
dissociation is, furthermore, indicated by the change in
chemical shift of the glycine carbamyl signal. That the
chemical shift of the Bl phenylalanine carbamyl signal is
unaffected by the increased pH value is also compatible
with a dissociation of the dimers since the Bl residues, in
contrast to the Al residues, are far removed from the con-
tact surface between the two monomers in the dimers. Fi-
nally, such a dissociation would be expected for the sample
at pH 10.9 on the basis of the observation*3 that metal-free
insulin in alkaline solution dissociates in proportion to its
negative charge, the molecular weight being minimal above
pH 9. Since the charge of the insulin molecules in the alka-
line region hardly can be affected by carbamylation of the
two N-terminal amino groups, it seems reasonable to as-
sume a similar behavior of the carbamylated derivatives in
alkaline solution. In contrast to this a difference in aggrega-
tion between native and carbamylated insulin should be ex-
pected at low pH values, since here the carbamylation of
the amino groups reduces the positive net charge that
causes dissociation in this pH range.4443

The difference in the relaxation times of the two Al gly-
cine carbamyl 13C in the sample at pH 7.8 furthermore ex-
hibits that local mobility of these nuclei are different in the
two environments. This would be expected if the Al car-
bamyl group is tied to the A19 tyrosine hydroxyl group in
one monomer but not in the other as suggested?3 by the
crystal structure of zinc insulin and discussed briefly above.

The data presented here therefore strongly suggest that
the insulin dimers in water solution at pH 7.8 and in the
crystalline phase exhibit the same structural features. If
this is the case, then the structural details such as the im-
perfect twofold symmetry found from crystallographic mea-
surements in the dimers are due to structural adjustments
required by the monomer-monomer interactions and it is
not necessary to propose distortions from either crystal
packing or sequential zinc binding with hexamer formation.

In order to assess the degree of motional freedom of the
carbamyl BC in the different positions, the T relaxation
time and the » parameter for the carbamyl !3C have been
calculated as a function of the correlation time, 7., for the
overall tumbling of an isotropic tumbler using different
values of the correlation time, in, for internal rotation
about the N-C, bond. Equations 1 and 3-9 are used to
study the effect which these two correlation times have on
the NOE and T, values. The calculations are made with the
reasonable assumption that all three C-H distances are
identical and for a Larmor frequency corresponding to a
magnetic field strength of 23.5 kG. The geometrical param-
eters in eq 9 are calculated from the neutron diffraction
structure determination of urea.*® The calculations have
been performed with internal motion for two different con-
formations of the carbamyl group as shown in Figure 8 and
the results are presented graphically in Figures 9 and 10.

In this simplified model only dipole-dipole contributions
from the three protons in the carbamyl group have been
taken into account. Other possible mechanisms like scalar
relaxation of the first kind'4 due to coupling to the ex-
changeable protons at the adjacent nitrogens or scalar re-
laxation of the second kind!'# arising from interactions with
the quadrupolar nitrogen-14 nucleus are not expected to
play any significant role in the relaxation of the carbamyl
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Figure 8, Conformation of the carbamyl group relative to the insulin
molecule. The bond distances and angles are taken from the structure
of urea.*® In case a the carbamyl oxygen and the hydrogen on N(1) are
in the trans conformation while in case b they are in the cis conforma-
tion. The barrier to internal rotation around the N(1)-CO bond is
large compared with the barrier around the N(1)-C, bond. The rota-
tion around this bond is indicated by the arrow. For further details see
text.
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Figure 9, Log-log plot of T, for 13C in a carbamy! group attached to
an isotropic tumbler as a function of 7, the correlation time for the
overall tumbling of the molecule, and for different values of i, the
correlation time for the internal rotation around the N(1)-C, bond.
Cases a and b correspond to the two conformations in Figure 8. The
calculations are made assuming complete proton decoupling and for wc
= 1.58 X 107® rad/sec. Only intramolecular dipolar interactions be-
tween the three nitrogen-bound protons and the 13C nucleus are con-
sidered.

13C in the insulin derivative since no such efficient mecha-
nisms were found in the relaxation of the same carbon in
the carbamyl derivatives of the free amino acids where the
relaxation times are of the order of 10 sec. This conclusion
is based on the reasonable assumption that the correlation
time governing proton exchange for the scalar relaxation
processes would be the same in the insulin derivatives and
the derivatives of the free amino acids. Furthermore, the
relative contribution due to '*N quadrupolar interactions
should be the same in both instances because quadrupolar
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Figure 10, Semilog plot of the n parameter for 13C in a carbamyl group
attached to an isotropic tumbler as a function of 7, and 7jn. For further
details see caption of Figure 9.

relaxation is governed by the reorientational correlation
time important in dipole-dipole processes. There may be
some dipolar contributions to the relaxation of the carbamyl
3C from other protons such as those hydrogen bonded to
the carbonyl oxygen, etc. However, the effect on T of these
extra contributions would be to decrease the calculated T
and thereby lower the curves in Figures 9 and 10. Thus, the
calculated values for the dipolar contribution to the relaxa-
tion time of the carbamyl 13C constitute an upper limit.

The rotation about the bonds between the carbamyl car-
bon and the two nitrogens is negligible compared to the
rotation around the N-C, bond because of the partial dou-
ble bond character of the two first bonds. For example the
barrier to internal rotation about the C-N bond in form-
amide has been found to be ~19 kcal,4’ while the barrier
around the N-C, bond can hardly exceed a few kilocalo-
ries. It is reasonable, therefore, to describe the internal mo-
tion in the present case as a rotation around the N-C, bond
of a rigid planar carbamyl group in which the carbamyl
oxygen and the hydrogen on N(1) can be either in trans or
cis position to each other (see Figure 8).

The plots presented in Figure 10 support the well-known
fact that 7 is almost totally insensitive to the resonance fre-
quency and internal rotation when 0 < w;r, < 0.1. Con-
versely, n becomes very sensitive to internal rotation as w7,
increases above 0.32® and moves out of the extreme narrow-
ing region. However, it is interesting to observe from Fig-
ures 10a and 10b that the n parameter is rather insensitive
to the geometrical differences in the two cases exhibiting al-
most identical dependence on the correlation time for inter-
nal rotation. Similar patterns are also found in both models
for T) as may be observed in Figures 9a and 9b. These re-
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sults are interesting when it is realized that the contribu-
tions to the total power spectrum, see eq 7, from the individ-
ual protons given by the geometrically dependent constants
A, B, and C in eq 9 vary considerably and often with oppo-
site signs for different proton-carbon orientations relative
to the axis of internal rotation. As more and more protons
contribute to the power spectrum, however, they will tend to
occupy a greater variety of positions relative to the observed
3C giving an overall average effect which in the case of the
two models used here led to very similar results. For the T
relaxation times this is only true as long as the distances be-
tween the protons and the observed 3C remain unchanged
by the variations in geometry, since the magnitude of T de-
pends strongly on the various dipole-dipole distances.

By comparing the experimental T relaxation times and g
parameters with the calculated values in Figures 9 and 10,
it is possible to estimate the correlation times for the overall
tumbling and the internal motion. In the metal-free insulin
derivative the relaxation time of the carbamyl 13C on the
Bl phenylalanine is 874 msec. If there was no internal mo-
tion, this 7} value would correspond to an overall correla-
tion time, 7., of either | X 1079 or 1.4 X 10~8 for either
model given in Figure 9. It should be mentioned that if
there are dipolar contributions other than those taken into
account here, or if the experimental T values contain non-
dipolar contributions, the effect would be to increase the
difference in these two possible values. Comparison of these
two 7. values with the 5 curves in Figure 10 requires that in-
ternal rotation must be involved in order to rationalize the
0.6 n value obtained experimentally. Otherwise a n = 1.5
would be required for 7, < 1 X 107% and for 7, 2 1.4 X
1078 the n would equal 0.2. When internal rotation is taken
into account, the two solutions to 7, for 7} = 874 msec will,
according to either model in Figure 9, both increase for
1072 2 i, 2 107°, According to Figure 10, however, inter-
nal rotation has almost no effect on the 5 parameter at and
about 7 ~ | X 107°, while in the region 7, 2 1.4 X 1078, ¢
depends strongly upon i, and has a value of 0.6 at iy = |
X 107° in case a and at riy, slightly smaller than 10~° in
case b. While 7 is almost independent of 7, for this general
value of 7ip and 7, 2 1078, the T curve indicates a value
for 7, of about 6 X 1078 in both cases a and b. It should be
mentioned that for 7, ® 6 X 107% a 5 parameter of 0.6 is
also obtained for 7, & 10711, However, this value for iy, is
not compatible with a T value of 874 msec, and can there-
fore be excluded. Thus, both 77 and NOE values may be
used to obtain the reasonable estimates for both 7, and 7in
of 60 and 1 nsec, respectively.

The relaxation times of the two lines due to the glycine
carbamyl groups in the metal-free insulin derivative are
somewhat longer than for the !3C in the phenylalanine car-
bamyl group. Assuming that a single 7, exists in the overall
protein reorientation for labels at both residues, these in-
creases in the T relaxation times correspond to more rapid
internal motion according to either model in Figure 9 and
thereby to a larger n value in accordance with Figure 10
and the data in Table IV, For 7. ~ 6 X 1078, the T, data
give 7in & 0.6 nsec for line Ia and 7iy & 0.3 nsec for line Ib.
Thus, the carbamyl 13C on Bl phenylalanine has a slightly
longer 7iy than the carbamyl 3C on both of the two Al
glycines although the Bl residue appears from the crystal
structure to be on the surface of the dimers and a relative
high degree of motional freedom might be expected as long
as the dimers are not a part of a well-defined hexamer
where it is known?®’ that two Bl phenylalanines are inter-
laced. These experimental results therefore support the
suggestion®’ that on dissociation to dimers, the B1, B2, and
B3 residues would move to pack more closely against the
body of the monomer.

For the zinc insulin derivatives the experimental values
for the T relaxation times and the 5 parameters are slight-
ly smaller than in the case of metal-free insulin. For the
carbamyl !3C at the Bl phenylalanine it is found by similar
arguments that 7. ~ 4 X 1078 corresponding to slightly less
molecular aggregation than would be found in the metal-
free insulins sample. A value of iy of 1-2 nsec, however,
indicates that the local mobility of the carbamylated Bl
phenylalanine group is even more restricted in the zinc insu-
lin derivative than in the metal-free compound. This re-
stricted mobility may indicate that the phenylalanine group
is playing a more important role in the formation of molec-
ular aggregates in the derivatives of zinc vs. metal-free in-
sulins. :

The T and 5 data for the two lines at 2392.1 and 2390.2
in the zinc insulin derivative cannot be easily analyzed since
they, according to the assignments, contain the signals from
the carbamyl groups in the B29 lysine and on, the two dif-
ferent Al glycines. According to the data in Table I the
contribution from the lysine carbamyl group is about 30%
of the total intensity of the two lines, and will contribute ac-
cordingly to the relaxation parameters. However, except for
the T, value for the line at 2390.2 Hz, that stays un-
changed, the trend compared with the metal-free insulin de-
rivative is the same as for the carbamyl 13C at the Bl phe-
nylalanine, in that both the relaxation time of the line at
2392.1 Hz gets shorter and the combined 5 parameter
smaller. Because we are on the nonextreme narrowing side
of the T minima, this corresponds to a smaller molecular
aggregation and a decrease in the internal mobility of the
labeled positions.

Like the zinc compound, nickel insulin is known to crys-
tallize in the rhombohedral space group*® with a minimum
nickel content of 2 atoms per hexamer.*® It seems therefore
reasonable to anticipate that nickel insulin and its carbamyl
derivatives in solution will behave similar to the correspond-
ing zinc compound with respect to aggregation and peptide
chain conformation. As the nickel ion is paramagnetic it
can alter the relaxation processes unless the metal is suffi-
ciently far away from the labeled positions that it will have
no significant effect on either the relaxation time or the
NOE. The data in Tables III and IV show that the experi-
mental 7' relaxation times for lines Ia and Ib in band I in
both the nickel and zinc insulin derivatives are the same in
the two cases within the experimental error. The same holds
for the combined » parameter for these lines. Since, further-
more, the labeling is the same for the zinc and the nickel in-
sulin according to the amino acid analysis this agreement
between the two sets of data therefore indicates that in solu-
tion of this species the paramagnetic nickel ion is sufficient-
ly far away from the 13C labels on the Al glycine and B29
lysine to be unimportant in the relaxation of these nuclei.

For the carbamyl '3C on the Bl phenylalanine, however,
there is a significant decrease in the T, relaxation time
when going from the zinc to nickel insulin derivative. This
result is compatible with a simultaneous decrease in the ex-
perimental » values. Using the experimental T relaxation
times for the Bl carbamyl !3C in both the nickel and the
zinc insulin derivatives, and the experimental 5 parameter
for the zinc compound, one may estimate the corresponding
n parameter for the nickel insulin with eq 12 to be 0.35. The
experimental value of 0.4 £ 0.1 is in good agreement. As-
suming that the nonparamagnetic contribution to the relax-
ation time is the same as in the zinc compound the contribu-
tion due to the presence of the paramagnetic ion can be cal-
culated as:

——= (14)
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which for the carbamyl !3C at the Bl phenylalanine gives
T.p = 1.8 sec. Furthermore, if the number of insulin mole-
cules that can be complexed to the nickel ions is small com-
pared with the total number of insulin molecules Tp can be
written as:30

] qp

=9 (15)
Tip TimM+ ™

where ¢ is the number of insulin molecules that can be
bound to a single nickel ion at one time, while p is the num-
ber of nickel ion per insulin molecule and 7y is the average
time the insulin molecules spend in the first coordination
sphere of the nickel ions. Ty is the pure paramagnetic con-
tribution to the relaxation time given by eq 10. If the ex-
change of the insulin molecules in and out of the coordina-
tion sphere is fast compared with the paramagnetic relaxa-
tion rate, that is (1/7m) > (1/T1Mm), Tim will assume from
eq 15 a maximum value given by T1m = gpTp.

This preferential effect of the nickel ion on the phenylala-
nine carbamyl groups over that of the glycine suggests that
the interaction sites are closer to the first mentioned resi-
dues. The Tim value calculated above and eq 10 may be
used, at least in principle, to estimate a maximum value of
the average distance, r, between the paramagnetic ion and
the carbamyl !3C at the Bl phenylalanine. The lack of an
observable isotropic contact shift indicates that the scalar
coupling between this !13C and the nickel ion is negligible
and therefore only the dipolar term in eq 10 has to be taken
into account. In the present case, however, at least two
possibilities exist for estimating the paramagnetic effect on
the carbamyl relaxation in phenylalanine. First, the Tip
contribution to the relaxation time may be caused by a sur-
plus of 0.2 nickel ion per six insulin molecules and p in eq
151is 0.2/6 = 0.033. For ¢ = 3, the value found in crystal-
line hexameric zinc insulin, perr = 2.8 up, the magnetic mo-
ment of a free Ni2* ion, and assuming a spin-lattice relaxa-
tion time for the electrons®! of 2 X 10710 sec the dipolar
term in eq 10 gives an » = 7.2 A in the case of fast ex-
change. For ¢ < 3 as well as in the case of slower exchange
r would be less than 7.2 A. Second, the Tp contribution in
nickel insulin may also be caused by a general breakdown of
the normal crystal phase hexamer and formation of a differ-
ent type of complex in which the carbamyl '3C at the Bl
phenylalanine is closer to the metal ion. Then in the ex-
treme case p = 2.2/6, and for ¢ = 3 one has pg = |. This
would allow all insulin molecules to be in the first coordina-
tion sphere of the nickel ion at the same time. Therefore, by
setting Tym = Tp and using eq 15 an average distance be-
tween the paramagnetic ion and the carbamyl 13C at the Bl
phenylalanine is found to be » = 10.5 A. If ¢ < 3 and Typ is
affected by an exchange of the insulin molecules in and out
of the coordination sphere, then Ty < Tip and thereby »
<1054,

Both of these estimates for the metal-carbon distance use
a reasonable but not precisely known value of the electron
relaxation time, and therefore only relative structural de-
tails can be given for the nickel insulin complex. Failure to
observe paramagnetic contributions in the 7 of the car-
bamyl group at glycine and lysine indicates that these
metal-residue distances are significantly longer than in the
phenylalanine case. This result is in contrast with the fol-
lowing metal-amino nitrogen distances obtained from crys-
tallographic work: Zn-Ngyy, 19 £ 0.5 A; Zn-Nyy, 20 £ 2
A; Zn-Nppe, 22 £ 0.5 and 21 £ 0.5 A.52 This discrepancy
can be explained by additional complexation in the vicinity
of the phenylalanine group with nickel ions arising from a
slight surplus or from a breakdown of the hexamer struc-
ture as proposed above.
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The Structure of a Crystalline Derivative of
Saxitoxin. The Structure of Saxitoxin!
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Abstract; The crystalline ethyl hemiketal of saxitoxin, the paralytic shellfish poison, was obtained, and its structure was de-
duced as 2b by X-ray crystallography. Carbon-13 magnetic resonance studies demonstrate that saxitoxin in solution exists
primarily as a carbamate rather than a cyclol, and that in aqueous solution, saxitoxin exists as the hydrate 2a,

Saxitoxin, the paralytic shellfish poison, is one of the
most toxic known compounds of low molecular weight. The
toxin accumulates in normally edible bivalves such as Saxi-

domus giganteus and Mytilus californianus after they in--

jest the marine dinoflagellate Gonyaulax catenella.? Oxida-
tive degradation showed that saxitoxin hydrate dihydro-
chloride (CjoH;5sN703;-2HCI-H,0) is a tetrahydropurine,
and structure 1 was proposed on the basis of '!H NMR and
chemical evidence.*

1

2a: R=O0H
2b; R=O0Et
2¢; R=D

Saxitoxin dihydrochloride is an amorphous, hygroscopic
material which has never been crystallized.> Despite numer-
ous diverse efforts in the past, no crystalline derivative of
saxitoxin was ever obtained.® We have now obtained a crys-
talline ethyl hemiketal dihydrochloride, the structure of
which was deduced as 2b by X-ray crystallography. On the
basis of this evidence and '2*C NMR studies, we now assign
structure 2a to the hydrate of saxitoxin.

X-Ray Diffraction Analysis

Crystals of saxitoxin ethyl hemiketal dihydrochloride
(2b) suitable for an X-ray analysis were mounted in glass
capillary tubes to prevent the loss of solvate molecules.
These crystals were surveyed and a | A data set (maximum
sin 8/X = 0.5) was collected on a Syntex P1 diffractometer
equipped with a graphite monochromator and copper radia-
tion (A 1.5418 A). All diffraction data were collected at
room temperature. Details of the crystal survey and data
collection parameters are summarized in Table I.

Atomic scattering factors for C, N, O, and Cl were taken
from The International Tables for X-ray Crystallography.’

Anomalous dispersion corrections for Cl were included.®
The scattering factor for H is that given by Stewart, David-
son, and Simpson.’ No corrections were made for absorp-
tion (¢ = 32.2 cm™!). Routine crystallographic calculations
were facilitated by the CRYM crystallographic computer
system. !0

The weights used throughout the refinement were set
equal to 1/0%(Fy2). ¢2(F4%) was based on the variance of
the intensity calculated by the formula: ¢2(J) = § + a?(B,
+ B;) + (dS)? where S is the total counts collected during
the scan, B and B, are the numbers of counts collected for
each background, « is the scan time to total background
time ratio, and 4 is an empirical constant of 0.02.

The phase problem was solved using a computer program
developed at Oak Ridge National Laboratory.!! This pro-
gram facilitated a rather conventional phasing using direct
methods, and the portion of the program utilizing trans-
forms of a known molecular fragment was not used. After
the intensities were reduced to normalized structure factor
magnitudes, | E], triples were selected which met these con-
ditions: (a) their indices add to zero; (b) each had | E| 2 1.5;
and (c) the magnitude of the product!?

23
0232

A(hk) = [E(~=h)E(K)E(h - k)|
was greater than 1.3.
For each of these triples the quantity!3

D(hk) = ((E(h+ D)2 = DI|ED] = 1.5;|E(k + D] 2 1.5)

was computed. Only those triples with D > 0 were retained
for manipulation. Phases were obtained by a multisolution
approach which utilized D(h,k) as the weight assigned to
each triple in convergence mapping.!4 Phase extension and
refinement were accomplished by a weighted tangent for-
mulal’

_S _ (w(hk)sin [¢(k) + ¢(h = K)])k
tan () = & T k) cos [6() + 6(h — k)]
where w(h,k) = D(hk):(k)t(h — k) and t(h) = ((S? +
CHY4 3 ww(h,k) is the consistency of the phase for reflec-
tion h as determined on the previous cycle.
Four phase sets were produced; an £ map based on the
set with the highest overall self-consistency (3 u| £(h)|z(h)/
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