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all four related structures are disordered in a similar 
way. 
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Abstract 

The crystal structure of NPH-insulin, pig insulin 
cocrystallized with zinc, m-cresol and protamine, has 
been solved by molecular replacement and refined 
using restrained least-squares refinement methods. 
The final crystallographic R factor for all reflections 
between 2 and 10 A is 19.4%. The insulin molecules 
are arranged as hexamers with two tetrahedrally 
coordinated Zn atoms in the central channel and one 
m-cresol bound to each monomer near His B5. One 
protamine binding site has been unequivocally 
identified near a dimer~timer interface, although 
most of the polypeptide is crystallographically dis- 
ordered. The conformation of the insulin moiety and 
the structural differences between the three unique 
monomers have been analysed. The zinc and m- 
cresol environments are described and the nature of 
the protamine binding site is outlined. 

* To whom all correspondence should be addressed. 
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Introduction 

Microcrystalline preparations of insulin cocrystal- 
lized with protamines, basic polypeptides of the cell 
nucleus which are rich in arginine and lysine, (NPH- 
insulin) were obtained as long as 40 years ago 
(Krayenbuhl & Rosenberg, 1946) and have been 
used successfully in the treatment of diabetes ever 
since. Owing to its slow release properties after 
subcutaneous injection, protamine-insulin has been a 
very popular pharmaceutical formulation. Our aim is 
to investigate how this delayed action is brought 
about, how and to what extent the protamine is 
incorporated into the crystal structure, and to find 
and describe possible changes in the insulin structure 
in this particular crystal form. Preliminary data from 
two different structural studies on salmine-insulin 
have been reported (Baker & Dodson, 1970; Eggena, 
Magdoff-Fairchild, Rudko, Fullerton & Low, 1969; 
Simkin, Cole, Ozawa, Magdoff-Fairchild, Eggena, 
Rudko & Low, 1969; Fullerton & Low, 1970), 
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revealing that salmine-insulin can crystallize in two 
different space groups, P2~2~2~ and P4~2~2, with 
almost identical unit-cell dimensions. The diffraction 
pattern at low resolution for the orthorhombic form 
has a strong tetragonal appearance (Baker & 
Dodson, 1970). Furthermore, there is chemical evi- 
dence for the presence of approximately 0.15 prota- 
mine molecules per insulin monomer and the 
presence of at least two Zn atoms per six insulin 
molecules (Fullerton & Low, 1970; Nordisk Gentofte 
AS, unpublished results). We investigated the struc- 
ture of pig insulin cocrystallized with clupeine Z, a 
homogeneous protamine subcomponent of herring 
sperm consisting of 31 amino acids (Iwai & 
Nakahara, 1971). In this paper we present our 
findings on the structure of the insulin component 
and preliminary findings on the protamine. More 
detailed investigations on the protamine and the 
water structure are underway and will be reported 
separately. 

Experimental 
Crystal growth 

All materials for the preparation of the solutions 
used for the crystallization were of analytical grade 
and purchased from Merck. Pig insulin was prepared 
at Nordisk Gentofte AS by standard production 
methods as a highly purified crystalline zinc pre- 
cipitate. Clupeine (protamine from Atlantic Herring) 
was prepared at Nordisk Gentofte AS by a process 
very similar to that reported by Michael (1967) and 
fractionated by ion-exchange chromatography 
according to the method of Ando & Watanabe 
(1969). The last eluting protein peak containing the 
Z component was pooled and desalted and the pro- 
tamine was precipitated as a sulfate salt by acidified 
ethanol. Pig insulin is cocrystallized with clupeine Z 
in batch by preparing a standard buffer of 4 M urea, 
2 7 m M  phosphoric acid, 21 mM m-cresol and 
120raM NaCI. From this a protein solution 
(solution 1) is made by dissolving 3 mg zinc-free pig 
insulin per ml of buffer and adding 0-275 mM ZnCI2 
(0-55 Zn atoms per insulin monomer). A protamine 
solution (solution 2) is prepared by dissolving 
approximately 0-5 mg of clupeine Z in each ml of 
standard buffer. The exact amount of clupeine to be 
added has to be determined beforehand by meas- 
uring the clupeine to insulin ratio at which maximum 
precipitation of both insulin and clupeine Z occurs 
upon mixing insulin and clupeine test solutions 
(isophane ratio) as described by Krayenbuhl & Rosen- 
berg (1946). The pH of both solution 1 and solution 
2 is adjusted to 7.3 with NaOH, equal amounts of 
the solutions are mixed and left at 277 K. Useful 
crystals appear within a few days. Crystal size and 

the number of crystals can be varied by changing the 
urea concentration. 

Crystal characterization 

Insulin crystals cocrystallized with clupeine Z are 
bipyramidally tipped parallelepipeds with maximum 
dimensions of 0.2 x 0-2 × 1 mm. Precession X-ray 
photographs show that the crystals belong to space 
group P4~2~2 or its enantiomorph with a = b  = 
62.9 (3), c = 85.9 (3) tk, very similar though not 
isomorphous to those described by Eggena et al. 
(1969). Owing to the hexameric nature of the insulin 
moiety as established from the self-rotation function, 
the asymmetric unit must contain three monomers 
with a VM of 2"40 ik 3 dalton ~ including Zn and 
bound m-cresols but excluding the protamine. This 
corresponds to a calculated solvent content of 50% 
and a density of 1.22 gem ~, in good agreement 
with the measured value for salmine-insulin crystals 
(Fullerton & Low, 1970). The crystals diffract to 
2.8 A on a sealed-tube generator with a graphite 
monochromator and to 1.8/k on the Wiggler Station 
of the SERC Synchrotron Radiation Source at 
Daresbury, England. 

Data collection and processing 

The rotation camera data used for the structure 
determination were collected on the wiggler station 
of the Synchrotron Radiation Source at Daresbury 
using a wavelength of 0.878 A and flat cassettes. Two 
complete data sets were obtained: the first one 
extending to 2.5 A resolution was taken from one 
crystal: the second one to better than 2/k resolution 
from three crystals. The data were recorded on CEA 
Reflex 25 film by rotating the crystals about c in 
steps of 1.5. Care was taken to obtain most of the 
data normally contained in the blind region 
by missetting the crystals deliberately in the arcs by 2 
to 8 .  

Films were scanned using a Joyce-Loebl Scandig 3 
densitometer at a sampling interval of 50 p,m. The 
intensities were integrated by a local adaptation 
(Korber, unpublished) of the M O S F L M  program 
suite which contains the Rossmann profile-fitting 
algorithm (Wonacott, Dockerill & Brick, 1980; 
Rossmann, 1979; Greenhough & Suddath, 1986). 
Profile fitting was used throughout on both fully 
recorded reflections and partials (Greenhough, 1987). 
The high-resolution data set which theoretically' 
could provide data to 1.8 A was curtailed to 2 A 
because a rise in the merging R~=Xhk~(IL,- 
I, ..... ')ha/'VhklI, . . . . . .  , ,*,  to well over 20% was observed 
beyond 2.1 /~ (Fig. 1). From the high-resolution data 
set we obtained 11 331 unique reflections which are 
91% of the theoretically observable data to 2/k. The 
average multiplicity for each Miller index was 4-5, 
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with a ratio of fully observed reflections to partially 
observed reflections of 3:1. Partially recorded reflec- 
tions were included as the partial bias was much 
smaller than the standard deviation for all resolution 
shells. The total partial bias is -0 .02 .  The overall 
merging R factor to 2 A resolution is 7.1%. Merging 
this data set with the data set measured to 2.5 ,&, 
which has similar processing statistics, added another 
600 unique reflections so that data for 96% of the 
theoretically observable reflections was obtained. 
The overall merging Rz remained at 7.1% with 75% 
of the reflections greater than three standard 
deviations. 

Molecular replacement 

Both self-rotation and cross-rotation functions 
(program A L M N F R ,  Dodson, 1985) and an R-factor 
search (program SEARCH,  Dodson, 1985) in con- 
junction with a packing search (program PRJANG,  
Dodson, unpublished) were used to determine the 
positional parameters for the insulin moiety in the 
unit cell.* The self-rotation function on data between 
3 and 10/k gave one strong peak with 0.52 of the 
height of the origin peak at w = 54-60, 0 = -45 .20  
and ,¥ = 119.80:. The appearance of this local three- 
fold axis perpendicular to the [1,1,0] crystallographic 
twofold is a strong indication for the hexameric 
nature of NPH-insulin. In this case the asymmetric 
unit is a trimer as already deduced from density 
measurements by Fullerton & Low (1970). The two 
other diads perpendicular to the hexamer axis then 
give peaks which merge into symmetry equivalents of 
the local threefold peak: the values for the direction 
cosines for the triad obtained from the self-rotation 
function are (0-5774, -0.5774,  0.5774) and those of 
the two non-crystallographic diads are ( -0 .7071 ,  0, 

* Atomic coordinates and structure factors have been deposited 
with the Protein Data Bank, Brookhaven National Laboratory, 
and are available in machine-readable form from the Protein Data 
Bank at Brookhaven. The data have also been deposited with the 
British Library Document Supply Centre as Supplementary Publi- 
cation No. SUP 37051 (as microfiche). Free copies may be 
obtained through The Technical Editor, International Union of 
Crystallography, 5 Abbey Square, Chester CHI 2HU, England. 
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Fig. 1. Merging R factor v e r s u s  resolution. 

0-7071) and (0, -0.7071,  -0.7071).  A further exam- 
ination of the self-rotation function in different 
resolution shells gave values between 45 and 55 ° for 
the angle between the triad and the z axis. 

The cross-rotation function was initially computed 
with calculated structure factors from the 2Zn 
hexamer in a 100 x 100 x 80 A primitive cell with the 
triad orientated along the z axis. Data between 10 
and 3 A resolution were used throughout. The 
strongest maximum, more than 30% higher than the 
next-highest peak, was found at (a, /3, y ) =  ( - 4 5 ,  
50, - 1 5 )  which confirms the findings from the self- 
rotation function. 

The threefold symmetry was confirmed by using a 
single dimer as a search unit: three peaks appeared 
separated by approximately 120 '~ in y at the appro- 
priate a and/3.  The tilt angle,/3, for the search with 
this model was less well defined: /3 sections between 
/3- -40  and 55 ~ have maxima with similar heights. 
One of the hexamer diads coincides with the crys- 
tallographic diad. Therefore the three-dimensional 
translation problem is reduced to one dimension for 
the tetragonal form of NPH-insulin, i.e. to find the 
displacement of the hexamer along the [1 1 0] diad. 
The R-factor translational search was carried out 
with a trimer derived from the 2Zn monomer 1 as an 
initial model, searching exclusively along the diago- 
nal in the z = 0 plane. Owing to the space-group 

i I symmetry a search from (0,0,0) to (2,2,0) is sufficient. 
The search was performed in steps of 0.5 A with data 
between 8 and 3 A resolution for space groups 
P4,2~2 and P432~2 with a variety of tilt angles/3, a 
and y were fixed to - 4 5  and - 1 5 0  '~ respectively. 
Fig. 2 shows the result of the search for a tilt angle of 
51 : for both space groups the minimum could be 
found for a translation at or between 26.5 and 27 ~.  
The associated R values are 2.71% below average for 
space group P432~2 and 1.49% below average for 
space group P4~2~2. The preference for P4~2~2 was 
confirmed by an R-factor search with odd values of l 
only. Also, the translation by (26.5, 26.5, 0) is 
excluded by the packing search for space group 
P41212. 

This solution was then further refined by looking 
for the lowest agreement factor R~.. in a grid search in 
which both the tilt angle /3 and the translation t 
along the [1,1,0] direction were varied systematically. 
A round of restrained least-squares refinement 
(Hendrickson & Konnert, 1980) was performed for 
each possible solution to establish which starting 
values produced the largest decrease in R. The initial 
R value depends critically on the translation vector t, 
whilst the magnitude of the tilt angle is less well 
defined. To be within 0.2% of the best obtainable R 
value, t has to be known with accuracy of 0.05 ,~ and 
/3 has to be within 0.4 ~. The best values were 
determined as /3 = 51.6 ~ and t = 26.75 ~ giving an 
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initial R factor of 57.9% between 2.1 and 4.5.3,. 
Using a model based on the 4Zn-insulin monomer 2 
provided a better starting model for refinement with 
an additional drop in RF of 2"4%. 

Refinement 

The structure was refined using the restrained 
least-squares refinement program PROLSQ 
(Hendrickson & Konnert, 1980) for the refinement of 
the atomic coordinates coupled with cycles of 
unrestrained B-value refinement (Agarwal, 1978) and 
13 stages of model building using FRODO (Jones, 
1978) on a PS300 or a PS390 graphics system (Evans 
& Sutherland). All computations were performed on 
a Vax 11-750 computer (DEC). Initially the prota- 
mine moiety and solvent structure were not included 
in the model and consequently the low-resolution 
data were excluded from the calculations. As can be 
seen from Fig. 3, rebuild 9, even a minor extension 
towards lower resolution induced a sharp increase in 
R value. It can also be seen that in spite of frequent 
model building the R factor remained on a plateau 
for a considerable time; the drop between rebuilds 4 
and 5 is due to B-value refinement rather than 
improvement in the geometry of the model. Only 
when model building for the tightly bound waters 
progressed and protamine residues had been tenta- 
tively fitted into regions of continuous electron den- 
sity was it possible to include the resolution range 
between 10 and 7,~ and get a drop in R factor 
coupled with an improvement in geometry. The cur- 
rent R factor is 19.4% for all data between 10 and 

11: 

0 5 10 15 20  25  30  

Translation (A) 

Fig. 2. R-factor search. Data from top to bottom: space group 92, 
all data; space group 96, all data; space group 92, I odd; space 
group 96, l odd. Gridline spacing 1%. 

2 ~ (11522 unique reflections) with an average B 
value of 33.7 .&2 including solvent and protamine. As 
the protamine is crystallographically disordered only 
part of it can be modelled properly, i.e. the R factor 
does not reflect fully the correctness of the model for 
the insulin moiety. At 2 ,~ resolution even isotropic 
B-value refinement is often divergent due to the low 
cutoff in the Fourier terms. Temperature factors 
were therefore restricted to between 5 and 60 ]k 2 and 
B refinement was stopped at an average B of around 
30 ]~2. Wilson statistics (Wilson, 1949) suggest an 
average B of 23 &2. The discrepancy may well be due 
to the incomplete modeling of the protamine and 
water structure. 

Results 

A c'curac3, of  the model 

The weights for the parameters of the restrained 
refinement and the associated deviations are listed in 
Table 1. From a list of deviations from ideality for 
each residue it can be seen that most of the errors are 
in the very first and last residues of the insulin 
chains, especially the B chains, which were not even 
detectable in the electron density map for the first 
few model building cycles and had to be rebuilt 
several times. There are only very few disordered side 
chains with ill-fitting density or no density at all, 
notably the Tyr A14 of monomers 1 and 3 and Lys 
B29 of monomer 3. The electron density identified 
with protamine cannot be fitted unambiguously 
presumably because of movement, partial occupancy 
and the resulting confusion with water molecules. 

Another method of estimating the probable error in 
a structure with non-crystallographic symmetry is to 

60 

55 

50 

45 

40 

35 

30 

25 

2O 

15 

0 

ei  

i s i i i i ! I 

1 2 3 4 5 6 7 8 
i ! | i ! 

9 10 11 12 13 4 

Rebuild number 

Fig. 3. Refinement progress of NPH-insulin. Upper curve: R 
factor before restrained refinement. Lower curve: R factor after 
restrained refinement. 
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Table 1. Refinement weights and errors in 
parameters 

Square  r o o t  o f  Obse rved  
inverse weight  dev ia t ion  

Bonded contacts (A) 
Bond lengths 0.02 0-03 
Angle-related distance 0.04 0.09 
Interplanar distance 0.05 0.10 

Planar groups (/k) 0.02 0.02 
Chiral centres (A) 0-15 0-34 
Non-bonded contacts (/k) 

Single torsion 0"5 0.25 
Multiple torsion 0.5 0.47 
Hydrogen bond 0.5 0.36 

Torsion angles ( ) 
Planar 3 4-2 
Staggered 15 25.7 
Transverse 20 28.4 

compare the r.m.s, deviation for a least-squares 
superposition of equivalent parts of the structure. A 
comparison of the main-chain atoms of the 
'invariant' part of single chains (i.e. A6 to A20 and 
B5 to B25) gives the smallest r.m.s, deviation as 
0.25 A, the average deviation for these single-chain 
comparisons is 0.45 A for the A chains and 0.28 A 
for the B chains. The larger deviations for the A 
chains can be explained by crystal contacts. 

We aligned the main-chain atoms of B12 to B20 of 
pairs of different monomers and observed r.m.s. 
deviations in the positions of the side-chain aromatic 
groups of B16, B24 and B26 as low as 0.2/~. Thus it 
may be assumed that the true crystallographic error 
is of the order of 0.2 A and that the probable error 
obtained from a Luzzati plot (Fig. 4) (Luzzati, 1952), 
which is between 0.25 and 0.3/~, is an overestimate 
for the majority of insulin residues. A comparison of 
the normalized B values of each of the NPH mono- 
mers with the average B values of the 2Zn-insulin 
monomers shows that the B factors follow a similar 
pattern with only minor local differences (Fig. 5). 
The correlation coefficients in Table 2 confirm this 
qualitative impression. 

The variations for the main-chain B factors are 
greater for the A chains, reflecting both the less well 
defined secondary structure of the A chains and the 

.~ 35.0 i 0.30 I 
30.0] 025 I 

~ 25.0 ] 0.20 I 
20.0 ] 

15.0] 

':::] . . . .  
| 

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 
1/resolution (1/~) 

Fig. 4. Luzzat i  p lo t  for  N P H - i n s u l i n .  

the Table 2. Correlation coefficients jor main-chain-atom 

Between m o n o m e r s  
NPH I NPH 2 
NPH I NPH 3 
NPH 2-NPH 3 

temperature factors 

C h a i n  
A B 

0.55 0.71 
0.52 0.79 
0.67 0.87 

NPH ...... 2Zn-insulin ...... 0.87 0.77 
NPH ........ 2Znl ..... B6 B30 0.87 

distortion of the local environment through crystal 
contacts. Also, with the exception of the less well 
defined termini, the B-chain temperature factors are 
generally lower, both for side-chain and main-chain 
atoms. The results of the B-factor analysis thus seem 
to reflect true conformational flexibility rather than 
crystallographic errors. The quality of the model is 
further underlined by a main-chain torsional angle 
analysis. The Ramachandran plot (Fig. 6) shows that 
all but nine residues have torsional angles inside or 
nearly inside the allowed region of the map. The 
residues outside the allowed region are Lys B29, Gly 
B20 and Gly B23. Tyr A19, Pro B28 and some 
cysteines show small deviations from the permitted 
values. 

Overall description of the structure 

The insulin molecules in NPH-insulin are 
organized into hexamers (Fig. 7). There are four 
hexamers per unit cell making two different kinds of 
crystal contacts. The asymmetric unit consists of a 
trimer which together with a crystallographically 
twofold-related trimer forms one hexamer. The three 
monomers within each trimer are related by an 
approximate triad. Fig. 8 shows the asymmetric unit, 
a trimer, viewed down the threefold axis and the two 
different kinds of crystal contact formed within the 
NPH-insulin crystals. Dimers within each hexamer 
are formed by two monomers from two different 
asymmetric units. The monomer which will sub- 
sequently be named monomer 1 forms a dimer with 
its symmetry-related counterpart, the other mono- 
mers named 2 and 3 (sequence by clockwise rotation 
about the triad seen from the centre of the hexamer) 
dimerize with the symmetry equivalent of the crystal- 
lographically different monomer. 

Each hexamer contains two tetrahedrally coordi- 
nated zinc ions on the local threefold axis. The 
alternative zinc binding sites found in 4Zn-insulin 
near His B5 are occupied here by a m-cresol mol- 
ecule. The hexamer is very tightly packed and has a 
smaller radius of gyration (r.m.s. distance from 
threefold axis) than the hexameric 2Zn- and 4Zn- 
insulin structures (Baker, Blundell, Cutfield, Cutfield, 
Dodson, Dodson, Crowfoot Hodgkin, Hubbard, 
lsaacs, Reynolds, Sakabe, Sakabe & Vijayan, 1988; 
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Bentley, Dodson, Dodson, Hodgkin & Mercola, 
1976) (Table 3). Further, an analysis of the r.m.s. 
distances shows that on average the main-chain 
atoms are 0-5 A closer to the centre of the hexamer 
than for 2Zn- and 4Zn-insulin. Both the radius of 
gyration and the r.m.s, distance are comparable 
to those for the monoclinic crystal structure 
(Derewenda, Derewenda, Dodson, Dodson, 
Reynolds, Smith, Sparks & Swenson, 1989). The 
comparison of individual monomers below shows 
that this tightening of the structure is due to relative 
shifts of whole insulin molecules rather than to shifts 
of atoms within individual monomers. The mono- 
mers themselves all have a-helical conformation 
from B1 to B8 and thus resemble 4Zn monomer 2 

very closely. With the protein truncated to the 'core', 
i.e. A5 to A20 and B10 to B26, the least-squares 
superposition of the main-chain atoms is best 
between 4Zn monomer 1 and any of the NPH-insulin 
monomers. The r.m.s, difference for this superpo- 
sition is comparable to that obtained by superim- 
posing the three different NPH monomers onto each 
other (Tables 4 and 5). The typical NPH-insulin 
monomer thus resembles a 4Zn monomer 1 which 
has an extended B helix. 

Comparison o[" the three monomers 

A qualitative analysis of the conformational 
differences between the monomers was performed by 

J I 
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5 10 
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15 20 

residue number 
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2 Z n - i n s u l i n  ( m e a n )  

N P H - i n s u l i n  

m o n o m e r  3 

m o n o m e r  2 

m o n o m e r  1 

\ ...... . . . .  7 ......... I 

i i i i 0 i 
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i i i 1 
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residue number 
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residue number 

(~ 

Fig. 5. Relative B factors for main-chain atoms of: (a) A chains, (b) B chains. Relative B factors for side-chain atoms of: (c) A chains, (d) 
B chains. 
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superimposing the three unique monomers using a 
least-squares fit on the main-chain atoms of the helix 
B12-B20 to define their relative orientation. The 
superposition shows that the conformational 
differences are localized and that the relative orienta- 
tion of the two chains is almost identical for all three 

IIRI 

J' (°) m, 

• I d 'Ill ° d ii•o 1 

"x 

_,  , J , '*  

-I~ 

-I~ 

" ' 1  . . . .  I " ' ' ~  I . . . .  I . . . .  I . . . .  i . . . .  I "  - I~ -~ 0 ~ I~  l~  

monomers. The deviations are largest for the resi- 
dues in the centre of the A chains which participate 
in crystal contacts. Especially the large shifts of up to 
1.5,~ of Al l  to A15 of monomer 2 relative to the 
other monomers can be attributed directly to a close 
crystal contact at A 14 (see Fig. 8). 

Differences in the conformation of the B chains 
are generally smaller and restricted to the beginning 
and end of the chains and to the loop region around 
B21 and B22. For the greater part of the B-chain 
helix and the extended chain region up to B26 the 
differences in the atomic coordinates are of the order 
of the expected crystallographic error, even for the 
side chains. The NPH-insulin monomer 2 is unique 
in that residue B1 is very ill defined and there is 
density to indicate that residues B29 and B30 can be 
in two different conformations. For B1 this phenom- 
enon seems to be associated with electron density 
which can be ascribed to protamine nearby. The two 
conformations at the end of the B chain, which occur 
with approximately equal probability, vary mostly in 
the tb angle of Pro B28. In the conformation of B29 
and B30 observed only in monomer 2 the two resi- 
dues are swung towards B21 of its dimer-related 
monomer enabling the formation of a very weak 
hydrogen bond between NH B29 and O B21 ( N - - O  
distance 3.88/k). Density for the side chain of Lys 

Fig. 6. Ramachandran plot. 

Fig. 7. C,, plot of  the NPH-insulin hexamer with extended B helix 
emphasized for both trimers. Imidazoles of His B5 and His BI0, 
and the positions of  zinc ions and m-cresols are shown. A 
chains: double lines. B chains: single lines. 

Fig. 8. Crystal contacts in tetragonal NPH-insulin crystals. The 
two different types of  contact between trimers from different 
hexamers are shown as described in the text. The trimers related 
by the crystallographic twofold [1, - 1, 0] at z = ~ are viewed at 
a general projection angle. The third trimer is orientated with its 
local threefold perpendicular to the plane of  the paper. 
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Table 3. Radius of  gyration and r.m.s, distances from 
centre of  hexamer for main-chain atoms 

Rad ius  o f  R.m.s .  
Crys ta l  f o r m  gy ra t i on  (A) d is tance  (A) 
N PH-insulin 15.38 17.98 
Monoclinic insulin 15.47 18.08 
2Zn-insulin 16.35 18.53 
4Zn-insulin 16.38 18.53 

Table 4. R.m.s. d(/'ferences (,~) between NPH-insulin 
monomers least-squares-fitted to 2Zn- and 4Zn-insulin 
monomers (main-chain atoms A5 to A20, BI0 to B26 

only) 

N P H - i n s u l i n  M o n o m e r  1 M o n o m e r  2 M o n o m e r  3 
2Zn-insulin monomer 1 0.86 0.87 0.89 
2Zn-insulin monomer 2 0.74 0.76 0.82 

4Zn-insulin monomer 1" 0.43 0.47 0.42 
4Zn-insulin monomer 2 0.77 0.65 0.82 

* M o n o m e r  1 is the 4Zn  m o n o m e r  without the helix at the 
beg inn ing  o f  the B chain.  

Table 5. R.m.s. differences (,~) between the NPH- 

Monomer 1 

Monomer 2 

insulin monomers 

M o n o m e r  2 M o n o m e r  3 
2.59" 1.18" 
1.64 ~ 0.77" 
0.49' 0.46' 

2.57" 
1.63 h 
0"43' 

Notes :  (a) for  all a toms ,  (b) ma in -cha in  a t o m s  only ,  (c) ma in -cha in  
a t o m s  A I - A 2 1 ,  B4-B26. 

B29 is not observed but the residue is moved close 
enough to Gin A I5 and Asn A18 of a different 
hexamer to enable hydrogen-bond formation 
between side chains in a crystal contact. The carboxy 
terminus is also within hydrogen-bonding distance of 
density which has been identified as protamine. 

Crystal contacts 

Each insulin hexamer makes essentially two differ- 
ent types of crystal contact (Fig. 8): contact region 1 
is between two staggered hexamers with centres at 
(0.43, 0.43, 0) and (0.57, 0.57, 0.5) which share the 
twofold axis along the [1, - 1 ,  0] diagonal. Contact 
region II is between the 'top end' of one hexamer 
and the side of its equivalent rotated by - 9 0  and 
translated by (0, 0, 0.25). 

Contact region ! is related by the diagonal diad 
through (0.5, 0.5, 0.25) and therefore involves the 
same residues on both neighbouring hexamers. The 
contact region consists mostly of residues of the A 
chain of monomer 1: Thr A8 to Ser A12 are packed 
against their symmetry-related equivalents. The 

contact is mediated by water molecules and possibly 
protamine. Direct contact with possible hydrogen 
bonding can be observed between Ser A 12 (monomer 
1) or Gln A15 (1) and Glu B21 (3) close by. 
Hydrogen bonding between Gin A I5 (1) or Asn A18 
(1) and Lys B29 (2) seems feasible but has not been 
verified from the electron density. The phenol of Tyr 
A14 (1), although near the contact region, is 
completely disordered and does not contribute to the 
interhexamer contact. Contact region II is close to 
contact region I and involves the residues between 
Tyr A14 and Tyr A19 of monomer 2. The residues 
pack against residues A7 and A8 and the beginning 
of the B chain of monomer 1. The contact is 
strengthened by possible hydrogen bonds between 
the carbonyl oxygen of Tyr A14 (2) and the side- 
chain NH2 of Asn B3 (1). O61 of Asn A18 (2) can 
bind to the main-chain NH groups of B2 (1) and B3 
(1). The side chain of Tyr A14 (2) is crystal- 
lographically well defined. It extends into a shallow 
pocket formed by B3 (1), B4 (1) and A7 (1) of the 
symmetry-related trimer. Although there is van der 
Waals contact the side-chain OH does not seem to be 
involved in any hydrogen bonding. Indirect 
hydrogen bonding via a network of water molecules 
can also be detected. This crystal contact wedges in 
the beginning of the B chain of monomer 1 which 
explains its lower B values for B1 and B2 compared 
with the other two monomers (Fig. 5b). 

Zinc' coordination geometry 

The zinc ions in NPH-insulin are tetrahedrally 
coordinated. Three of the coordination sites are 
provided by the imidazole nitrogens of His B10, the 
fourth site is occupied by an unidentified ligand (Fig. 
9). The threefold nature of this arrangement is not 
preserved exactly. A least-squares superposition of 
the three monomers based on the main-chain atoms 
of B6 to B20 shows that there is a large difference in 
the relative positions of the imidazole rings of His 
B10 whose atoms have an average r.m.s, difference 
of 0-43 A, which is more than twice than those of the 
main-chain atoms of B10 (0.20A). It is highly 
improbable that these deviations are artefacts, 
especially as the electron density for the imidazoles is 
well defined with average B values of 11.45 A 2 com- 
parable to those of the main-chain atoms of this 
residue. Recently, almost identical differences have 
also been observed for the B10 imidazoles in insulin 
cocrystallized with salmine which has been refined 
independently in this laboratory (Xiao, Korber & 
Dodson, to be published). As can be seen from Fig. 
10 the bond lengths from the imidazole nitrogens to 
the zinc vary from 1.74 to 2.18 A and the central 
angles range from 97 to 118 :. These distortions can 
be traced to the crystal contact at the top of the 
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hexamer which through a push on the B-chain helix 
brings the side chain of Leu B6 into van der Waals 
contact with the imidazole of His B10 of monomer 3, 
lengthening the distance to the zinc. 

The nature of the fourth ligand has not yet been 
established. The examination of both the density of a 
2 E , -  F~. map at 0.5 e A -3 and an omit difference 
map where protamine and water Were excluded from 
the calculation of the structure factors at 0.25 e ,~ 3 
suggests that the ligand fits into an elongated pear- 
like shape which has space to accommodate at least 
two non-H atoms. The density is compatible with a 
two-atomic arrangement with one atom at a distance 
of 2.25 A from the zinc and the other at 4-2 A in van 
der Waals contact with side-chain atoms of two of 

u B6 

s 

-- ~ L o c a l  

_ 

Leu B6 

Fig. 9. Zinc environment. View perpendicular to non-crystallogra- 
phic triad. 2E , -  E map at 0.5 e A 

B 10 
o n o m e r  1 

,,~.~ /r-----~ HioSnB lmOr 3 

\ / Hi2nBlmOer 2 ~  

Fig. 10. The coordination of His BI0 imidazoles to the zinc. 

the Leu B6. The Zn atom and the two ligand atoms 
proposed lie on a straight line. The observed distance 
between the zinc and its nearest ligand atom is 
compatible with the binding of either a water mol- 
ecule or a chloride ion. For the binding of chloride to 
zinc, distances between 2.2 and 2.3 A, have been 
observed in small molecule structures (Jacobi & 
Brehler, 1969; Follner, 1970). The average bond 
length of water to four-coordinated zinc is 2.006 A 
[Orpen, Brammer, Allen, Kennard, Watson & 
Taylor, 1989; ligand class identifier (l.c.i.) 5.22.1]. 
The distance between the atom directly liganded to 
the zinc and the second atom in the density, how- 
ever, is too close to account for the coordination of a 
water molecule to either chloride or water: water-  
chloride distances in the ZnCI2 crystal structure, 
where the zinc is also tetrahedrally coordinated, 
range from 3.2 to 3.8 A (Follner, 1970) and the 
water-water distance is commonly assumed to be 
2.8 A (Bondi, 1964; Lee & Richards, 1971). Alterna- 
tively, the observed pear-shaped electron density can 
be interpreted as a small organic molecule, such as 
an acetate ion. Urea, which is present in the crystal- 
lization medium, is known to attach itself to zinc-like 
ions via its carbonyl group. Listed oxygen-metal 
distances are close to 2.1 A (Orpen et al., 1989; l.c.i. 
5.4.2), in agreement within the error limits with the 
observed value for the ligand closest to the zinc. 
There is, however, no observed electron density for 
the two nitrogens near the side chains of Leu B6 to 
support this hypothesis. 

Binding o f  the m-cresol 

One fully occupied m-cresol binding site is situated 
on each monomer near the imidazole of His B5. The 
m-cresol pocket is also bounded by A6 to Al l  and 
B10 of a different monomer within the same trimer 
(Fig. 11). The electron density for the ring system 
and the hydroxyl is well defined for all m-cresol 
molecules but density for the methyl group can only 
be detected for two of the three m-cresols. The 
interactions of the m-cresol with the insulin hexamer 
are made via two hydrogen bonds to the CO of A6 
and the NH of Al l  as is the case for phenol in the 
monoclinic structure (Derewenda et al., 1989). Van 
der Waals contacts to insulin residues are weak if 
only the unsubstituted ring (phenol) is considered. 
For the meta-substi tuted ring system one of the 
possible positions for the additional methyl group is 
in fact blocked by a severe collision of the methyl 
with C/3 of B10 (Table 6). Owing to the coordination 
of the imidazole of BI0 to the zinc these clashes 
cannot be easily removed. For the second possible 
meta position the clashes are not so severe: The 
offending atoms are different for all three m-cresols 
and belong to side chains that can be moved out of 
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the way relatively easily. In case of the very short 
distances to C62 of A16 there the electron density 
map is smeared out more than for comparable side 
chains. This indicates that the side-chain atoms poss- 
ibly move by up to 1A to accommodate the rn- 
cresol. The m-cresol near B5 of monomer 2 is unique 
in that it appears to adopt two different positions for 
its hydroxyl group, one in which it makes hydrogen 
bonds with both O A6 and NH All ,  the other with 
just a single hydrogen bond to O A6. Judging from 
the electron density, both arrangements occur with 
approximately equal probability. The density for the 
methyl group in the meta-substituted position is of 
the same magnitude as that for the atoms of the 
phenol ring, indicating full occupancy of this posi- 
tion. As we shall outline below we explain this fact 
by the presence of protamine which also appears to 
force the m-cresol to give up one of its hydrogen 
bonds and assume its second position. 

The main protamine binding site 

The clupeine Z molecule has 31 residues of which 
21 are arginines. It is not likely to have an inherently 
well defined three-dimensional structure. The inter- 
actions of clupeine Z with insulin are assumed to be 
through binding of the clupeine Z guanidinium 
groups to carboxylic acid side chains or carboxy 
termini on the insulin. The interactions between the 
polypeptide and insulin are sufficiently specific to 
establish a unique and well defined stable crystal 
lattice. Inspection of the electron density and 
difference electron density reveals several continuous 
threads which are consistent with peptide structure. 
It has not been possible, however, to identify any 
fragment of sequence of the clupeine Z molecule 
unambiguously. The stoichiometry of clupeine Z to 
the insulin hexamer is 0.85, which suggests that the 
molecule if present in a single binding site will have 
reasonably high occupancy. If, however, the peptide 

Table 6. Modelled close contacts (A) of cresols" in 
different conjbrmations 

Ideal distances are given in parentheses. 

Confor -  
mat ion Coord ina t ion  to B5 o f  
contact  M o n o m e r  1 M o n o m e r  2 M o n o m e r  3 
meta  I 2.65 (3.4) 2.88 (3.4) 2.75 (3.4) 

3.07 (3-4) 
meta  2 3.19 (3.4) 

2.42* (3.4) 
3.25 (3.4) 

ortho 1 2.29 (3.05) 2-22 (3.05) 1.94 (3.05) 
ortho 2 2.85 (3"35) 3"06 (3.35) 

2"50 (3"05) 2"94 (3"03) 
para 2.72 (3.4) 

2.77 (3.05) 
3.18 (3.4) 

* Electron density indicates that close contact  can be 
by movement  o f  the side-chain atoms. 

C,8 BIO 
C~ B6 
Ct5 BI7 
C8 AI6 
Cfl BI4 
OAI1 
Sy B7 
OA6 
C/~ BI4 
O B10 
C BI0 

alleviated 

is distributed among more than one site its density 
will be confused with that of water molecules and a 
confident interpretation of the peptide's structure 
and interactions will be impossible. Pending a 
detailed investigation of the isomorphous structure 
of pig insulin cocrystallized with salmine we shall 
here only discuss the protamine density near the 
dimer-dimer interface for which we have not only 
direct and persistent evidence from the electron 
density maps but also supportive evidence from its 
influence on the protein structure and m-cresol 
orientation. 

A narrow tube of density compatible with that 
expected for a polypeptide chain can be observed at 
the dimer~limer interface between monomer 1 and 
the symmetry equivalent of monomer 3 (Fig. 12). 
Positive but diffuse difference electron density can be 
found at a very low level (1.5 r.m.s.) near crystal 
contact region 1. The density passes the disordered 
side chain of Tyr A14 and reaches a level of more 
than 0 . 5 e A  3 in the 2E,-F~ map at Leu A l L  
having now acquired its tubular shape. The feature 

/%" 

\ 
Fig. 11. The  envi ronment  o f  the 

unique m-cresol. 2 F ,  - F,  map at 
0"SEA 3. O A 6 a n d  N Al l  are 
highlighted. 



BALSCHMIDT, HANSEN, DODSON, DODSON AND KORBER 985 

stretches to the imidazole of His B5 of monomer 2 
and at slightly lower level extends beyond that 
towards the methyl group of the bound m-cresol. 
There is apparently a connection to a guanidinium 
shaped piece of electron density closer to the central 
cavity near His BI0 but this cannot be identified 
unambiguously at 0.4 e ,~ 3. Near His B5 we found 
two branches off the main string of density described 
above, one of which is within contact distance of the 
carboxy terminus of the B chain of monomer 2. The 
other branch has density near Phe B24. At present 
similar features have not been detected at the other 
dimer~timer interfaces. Although the density for the 
protamine is too disordered to define the interactions 
with the insulin at atomic level, our interpretation is 
supported by the unique disorder observed for the 
m-cresol near His B5 of monomer 2, which seems in 
contact with the protamine. It is consistent with the 
observed electron density that the energetically less 
favourable conformation of the m-cresol results from 
the collision of its methyl group with the clupeine Z 
apparently extending towards His B10. Similarly, the 
second conformation observed for the carboxy 
terminus of monomer 2 could result from favourable 
association with the protamine. Lastly, the density 
associated with clupeine Z extends to the outside of 
the hexamer into the crystal contact region and thus 
fulfils the condition imposed by the continuity of the 
polypeptide chain. 

Discussion 

The NPH-insulin crystal structure and the mono- 
clinic crystal form of insulin are the only crystalline 
insulins analysed so far which have an extended helix 

Fig. 12. The protamine density at the dimcr-dimer interface. 
Difference density at 0.25 e A ' 

at the beginning of the B chain for all the insulin 
monomers. The helical fold of the B chain is evident- 
ly brought about by the binding of chloride, phenol, 
m-cresol or related agents. Retardation of the action 
of insulin is caused by slowing the entry of insulin 
from the subcutaneous compartment into the 
bloodstream, basically by lowering the solubility of 
the peptide at physiological pH. In the case of 
NPH-insulin this is provided by admixing protamine, 
together with low amounts of zinc salt, phenol or 
meta-substituted phenol. The initially amorphous 
precipitate is then gradually transformed into micro- 
crystals, and there is circumstantial evidence that this 
crystallization leads to a further retardation of the 
uptake of insulin, as demonstrated for the Lente-type 
insulins (Binder, 1969). It has also been shown that 
p-cresol and o-cresol are inferior crystallizing agents 
compared with m-cresol (Krayenbuhl & Rosenberg, 
1946). It is therefore of particular interest to define 
the interactions between zinc, m-cresol, protamine 
and insulin, to understand better the forces that 
stabilize the insulin moiety in the crystals and hence 
advance our insight into the mechanisms of 
retardation. Although the exact mode of interaction 
of the protamine molecule with the insulin moiety 
could not be established, predominantly due to dis- 
order in the protamine peptide, we can nevertheless 
put forward suggestions for the enhanced stability of 
the NPH crystals: one contributary factor is the 
binding of m-cresol near His B5 which results in the 
formation of an extended B helix and hence a tight- 
ening of the secondary structure. As the binding and 
subsequent helical fold is also observed in solution 
(Wollmer, Rannefeld, Johansen, Hejnaes, Balsch- 
midt & Hansen, 1987) it is evident that it is associ- 
ated with a drop in free energy and the complex is 
stabilized. The helical structure at BI to B8 also 
covers the zinc binding site and greatly reduces zinc 
exchange. Consequently, the hexamers' stability is 
increased significantly. It is not clear whether these 
effects operate in the trimers. 

From model building studies (Table 6) no com- 
pelling reason could be found why p-cresol and 
o-cresol should be inferior crystallization agents. In 
fact, crystals of insulin with 4-iodophenol have been 
grown in this laboratory recently and crystallize in 
an orthorhombic space group similar to the NPH- 
insulin crystals (Whittingham, Dodson & Korber, 
unpublished results). At least for the m-cresol bind- 
ing site where we have located protamine density 
nearby, binding of p-cresol should actually be prefer- 
ential, in that both hydrogen bonds, the one to O A6 
and NH Al l  can then be maintained all of the time. 
Molecular dynamics studies are planned on this par- 
ticular problem in the near future. 

It is not yet clear whether the clupeine Z is 
involved in the further stabilization of the zinc ions 
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although there are indications that the protamine can 
be found close to the central cavity. Further model 
building and comparison with the salmine NPH 
insulin structure will hopefully elucidate this point in 
particular. However, we are convinced that 
protamine mediates the interactions at one dimer- 
dimer interface and extends into a crystal contact 
region. Thus it may also be involved in hexamer- 
hexamer linkage. The expected ion-pair formation 
between the guanidinium groups of the protamine 
and carboxylic acid groups of the insulin is likely 
with the carboxy terminus of one of the B chains 
although the electron density does not provide detail 
at atomic resolution. This lack of detail concerning 
the protamine can partly be attributed to crystal- 
lographic disorder, partly by disorder through the 
conformational flexibility of the protamine itself. 
Furthermore, the high arginine content of the 
clupeine Z creates the possibility of different align- 
ments of the protamine whilst still meeting the 
requirements of most of the possible binding sites. It 
is thus obvious that partial disorder of the clupeine Z 
moiety is inevitable, which makes it difficult to 
observe specific interactions. 

We are therefore investigating the structures of 
insulins cocrystallized with salmine and dekalysine in 
the hope that the comparison of these structures will 
provide a clearer picture of the protamine-insulin 
interactions. 

We are grateful to the SERC and their staff at 
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