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ABSTRACT. The addition of phenols to hexameric insulin solutions produces a particularly stable hexamer,
resulting from a rearrangement in which residues-B8 change from an extended conformation (T-
state) to form am-helix (R-state). The R-state is, in part, stabilized by nonpolar interactions between the
phenolic molecule and residue B5 His at the diméimer interface. The B5 His> Tyr mutant human

insulin was constructed to see if the tyrosine side chain would mimic the effect of phenol binding in the
hexamer and induce the R-state. In partial support of this hypothesis, the molecule crystallized as a half-
helical hexamer (3Rs) in conditions that conventionally promote the fully nonhelicak)(form. As
expected, in the presence of phenol or resorcinol, the B5 Tyr hexamers adopt the fully hej)cal (R
conformation. Molecular modeling calculations were performed to investigate the conformational preference
of the T-state B5 Tyr side chain in thesRz form, this side chain being associated with structural
perturbations of the A7A10 loop in an adjacent hexamer. For an isolated dimer, several different
orientations of the side chain were found, which were close in energy and readily interconvertible. In the
crystal environment only one of these conformations remains low in energy; this conformation corresponds
to that observed in the crystal structure. This suggests that packing constraints around residue B5 Tyr
result in the observed structural rearrangements. Thus, rather than promoting the R-state in a manner
analogous to phenol, the mutation appears to destabilize the T-state. These studies highlight the role of
B5 His in determining hexamer conformation and in mediating crystal packing interactions, properties
that are likely be importann vivo.

Insulin is a peptide hormone that interacts with specific with three B10 histidine side chains (one from each dimer)
cell surface receptors to stimulate glucose transport from theand three water molecule8)( The hexamer can be regarded
blood to muscle, adipose, and other tissues. It is used as aras a dimer of trimers, one zinc ion associated with each
injected therapeutic agent for the treatment of diabetestrimer.

mellitus. Owing to its crucial metabolic role and its phar-  Qying to conformational variation at the beginning of the
maceutical importance, many structural studies on chemically g chain, the insulin hexamer can adopt one of three distinct
and genetically modified insulins have been carried out. conformations, designated the, T:Rs, and R states (Figure
These have produced a wealth of knowledge about the three-l)_ In the Ty insulin hexamer described above, residues B1
dimensional structure of insulin, resulting in significant gg of a1l six monomers are in an extended (T) conformation
improvements in insulin therapyl{-4). Insulin binds to its and are involved in close interdimer contad®. (The six

cell surface receptor as a monomer; however, during bio- g5 His side chains in the hexamers occupy equivalent
synthesis in_ the pancreas it forms.hexgmers b.y the aSSOCiatiorbositions on the hexamer surface (Figure 1), such that B5
of three dimers around two zinc ions (Figure 1). The g of the first monomer in the dimer (known as molecule
interactions made by the two central zinc ions are Very 1y makes a parallel ring-stacking interaction with the side
specific, each one forming an octahedral coordination sphere.pain of B5 His of molecule 2 in an adjacent hexamer. In
the T;Rs; hexamer, residues BIB8 in molecule 2 of each

" This work was supported in part by the BBSRC. dimer form ana-helix. This conformational rearrangement,

* The coordinates for the three B5 Tyr mutant insulin structures have ; i it ; ;
been deposited in the Protein Data Bank at the EBI Macromolecular which can be stabilized by the addition of sodium chloride

Structure Database, EMBL outstation Hinxton, European Bioinformatics (7, 8), results in the displacement of residue BS5 His of
Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge CB10 molecule 2 to a buried location at the dimelimer interface
1SD, U.K. The coordinate ID codes are 1QJO (ligand-free), 1QIY (with (Figure 1). Like the T hexamer, the JR; hexamer contains

henol), and 1QIZ (with resorcinol). : L . -
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FiGure 1: Stereographic representations of two-zinc pig insulig),(four-zinc pig insulin (ERs), and rhombohedral phenol insulindR
hexamers viewed approximately parallel to the hexamer 3-fold axis. The insulin molecule consists of two polypeptide chains, an A chain
of 21 amino acids aha B chain of 30 amino acids. These are covalently linked by interchain disulfide bridges between residues A7 and
B7 and between A20 and B18)( The A chain is folded into twa-helices (AT-A8 and A13-A19) connected by a loop region (A9

A12). The B chain contains one centeahelix (B9—B19), with the N-terminal residues BB8 in either a helical or extended conformation,

and the C-terminal residues B2830 extended. For clarity, only the B chains are shown, and in each dimer the two chains are shaded
differently. The positions of the zinc ions (white spheres) and the side chains of residues B5 His and B10 His (ball-and-stick) are shown.
Note that in the IR; hexamer residue B10 His can occupy one of two different conformations to coordinate to zinc ions both on and off
the hexamer 3-fold axis. Hence, the off-axis zinc ion binding sites are only half occupied by metal ions, giving rise to an average of three
zinc ions per hexamer (although for historical reasons this structure is termed four-zinc insulin). This figure was made by using MOLSCRIPT
(36).

molecule 2 can be involved in additional off-axial zinc ion N-terminal a-helices. As a result, zinc ion diffusion from
coordination at the dimerdimer interfaces®, 9). The R the hexamer is slow, adding to the stability of thehi@xamer
hexamer is obtained only in the presence of phenolic ligands.in solution (2). This phenomenon has a bearing on
These molecules bind inside the hexamer, making ring- therapeutic insulin preparations, which generally contain both
stacking interactions with the side chains of B5 His at the zinc ions and an antimicrobial phenolic additive.

dimer—dimer interfaces, thus stabilizing six BB8 a-he- It seemed possible that a tyrosine side chain at position
lices (Figure 1) 10, 1J). Both of the zinc ions at the center B5 could substitute for phenol binding at the dimeéimer

of the hexamer are relatively buried and have tetrahedralinterface, thereby promotingsfhexamer formation in the
coordination owing to the close proximity of the B-chain absence of a phenolic compound. The following studies have
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tronics area detectok & 1.542 A). The data were processed

Table 1: Crystallization Conditions for B5 Tyr Human Insulin -
with the XDS packagel@®) and then scaled and merged by

I'?fg;d' p‘{]vggol reg’:')':gnol use of the CCP4 suitel). X-ray diffraction data for the
additive (TsR) (Ro) (Ro) B5 Tyr (resorcinol) insulin were also collected on a single

insulin (mg) 10 10 10 crystal at room temperature, this time using a Rigaku R-axis
0.02 M HCI (mL) 20 2.0 2.0 [IC image plate. The data set was processed with the program
0.12 M zinc acetate (mL) 0.1 0.1 DENZO (19) and then scaled and merged by use of the CCP4
0.15 M zinc acetate (mL) 0.05 suite. Statistics for both data sets are listed in Table 2.
g:g(%' ;ﬂi?%'lu(r;‘qﬂgghes)(rgh{) L0 16.54 1.04 RefinementThe ligand-free B5 Tyr insulin structure was
5.0% resorcinol (aqueous) (mL) 0.4 refined by using the coordinates for the isomorphogiRsT
acetone 1.0 four-zinc insulin structure as a starting model, which contains
NaCl (mg) 120 120 a dimer in the asymmetric uni¥). Prior to the refinement,
pH 6.4-7.1 6578 6578

most regions of the B, — 2F. map showed well-defined
therefore been carried out to investigate the effect of the electron density. However, the areas containing the B5 Tyr
mutation B5 His— Tyr on hexamer assembly. A crystal side chains, B1 Phe of molecule 1, the B chain C-termini
structure of B5 Tyr insulin has been determined in the (B29 and B30), and residues AA10 in molecule 2 showed
absence of a phenolic additive, and for comparison, structurespoor connectivity and therefore these parts of the protein
have also been obtained in the presence of phenol andstructure were omitted from the model. In addition, the off-
resorcinol (1,3-dihydroxybenzene). These ligands are capableaxial zinc ion was excluded owing to the lack of electron
of making many van der Waals contacts and hydrogen bondsdensity in the 8, — 2F; map and the negative density at its
at the dimerdimer interfaces in the hexamer. Molecular position in theF, — Fc map. Refinement proceeded with
modeling calculations were carried out to investigate the the least-squares minimization program PROLSTE) (
conformational preference of B5 Tyr side chain (molecule interspersed with structural remodeling by use 6§ 3 2F.
1) in the ligand-free structure, which was seen to cause someand F,—F. electron density maps, utilizing the program O
conformational rearrangement at the hexamer surface.  (20). As the refinement continued, residues B5 Tyr (mol-
ecules 1 and 2), A10 lle (molecule 2), and B29 Lys
MATERIALS AND METHODS (molecules 1 and 2) could be modeled into the density maps
Crystallization. The recombinant B5 Tyr human insulin  and included in subsequent phasing calculations. Residue A8
was prepared at the Novo Nordisk Research LaboratoriesThr (molecule 2) was eventually assigned an occupancy of
(Denmark) and stored as dried powder &Clprior to use 0.5; its position (as determined from tikg—F. map) was
in crystallization trials. The crystallization was carried out too close to the side chain of B5 Tyr of an adjacent hexamer
by the batch method, following the procedure for crystallizing for this residue to be fully occupied. In the final structure
wild-type Rs and Ts insulin hexamer 13, 14. For each residues A7 Cys and A9 Ser (molecule 2) and B1 Phe of
crystallization experiment, a protein solution was prepared molecule 1 and B30 Thr (molecules 1 and 2) did not have
by dissolving insulin in 0.02 M hydrochloric acid. Other any associated electron density and were therefore assigned
crystallization components were then added in the order occupancies of 0.0. Refinement parameters and statistics are
given in Table 1. The pH was adjusted with 0.5-M1.0 M summarized in Table 2.
HCI and NaOH until the solution obtained a slight turbidity, For the crystal structures of B5 Tyr insulin with phenol
which dissolved on warming in a 5@ water bath. In this  and with resorcinol, the refinement procedures were similar.
way several supersaturated insulin samples were preparedn each case the wild-type human insulin structure with
at different pH values. Each sample was sealed in a glassphenol, containing a hexamer in the asymmetric unit, was
tube with parafilm, placed in a prewarmed Dewar flask at used as the initial modefl(). Before the refinement was
50 °C, and then left for 1 week, during which time crystals begun, water molecules, counterions, phenol ligands, and
appeared. residues B4B6 (in the vicinity of the mutation) were
Data Collection and Data Processin§everal crystals of ~ removed, and atomiB-values were set to an average value
the B5 Tyr mutant insulin grown in the absence of a phenolic of 20 A2 for main-chain atoms and 30%4or the side-chain
ligand were tested, the diffraction generally being rather atoms, respectively. Refinement was carried out with the
diffuse and weak at high resolution. Eventually, a suitable program PROLSQ. Cycles of refinement were accompanied
crystal was found and a 2.4 A data set was collected at roomby examination of B,—F. andF,—F electron density maps.
temperature, using an RAXIS Il image plate mounted on a The maps were displayed on an Evans and Sutherland 10
Rigaku rotating-anode generatdr £ 1.542 A). The data  graphics system, and the program FRODX)(was used
were processed with MOSFLMLE) and then scaled and for the adjustment and modeling of protein atoms, counte-
merged by use of the CCP4 suité6]. A high overall rions, ligands, and water molecules. The positions of the six
temperature factor of 50 Aas determined from a Wilson mutated B5 Tyr side chains in the hexamer were clearly
plot, was associated with the data set. It was therefore decidedlefined in the first electron density maps, and these residues
to “sharpen” the data by applying an artificial temperature were included in subsequent refinement cycles. Refinement
factor of —20 A? to the raw data. This had the effect of proceeded until convergence. More refinement details are
enhancing the contribution of the weak high-resolution data given in Table 2.
in the calculations of structure factors and electron density Molecular Modeling.Molecular modeling was used to
maps (7). Data statistics are given in Table 2. investigate the observed conformational preferences of B5
Diffraction data for the B5 Tyr (phenol) insulin were Tyr (molecule 1, T state) in the siR3 B5 Tyr insulin.
collected on one crystal at room temperature with a Xen- Empirical potential energy calculations were performed with
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Table 2: Data Processing and Refinement Statistics for the Crystal Structures of B5 Tyr Human Insulin

ligand-free (BR') with phenol (R) with resorcinol (R)
space group R3 P2; P2;
cell dimensions (A) a=80.94,c=37.62 a=61.10,b = 62.08, a=60.81,b=62.05,
c=48.35,=109.9 c=47.65,=110.4
resolution limits (A) 25.652.40 36.76-2.26 19.21+2.00
no. of unique reflections 3477 13832 21525
completeness of d&té) 96.7 (92.1) 92.2 (95.5) 95.6 (87.6)
data redundanéy 2.5(2.3) 1.8 (1.6) 25(2.2)
Rinergé® (ON1) 4.6(13.2) 4.6 (10.7) 5.8 (22.4)
reflections> 302 (%) 91.9 (75.1) 83.3 (69.5) 79.7 (45.1)
statistics for final structure
rmsA bond lengths(A) 0.021 (0.020) 0.011 (0.020) 0.011 (0.020)
rmsA angle related distance@?) 0.054 (0.040) 0.037 (0.040) 0.036 (0.040)
BaveragefOr protein atom(A2) 20.1/22.0 31.2/35.9 35.0/39.7
final R factor (all data) (%) 19.9 18.6 19.1
a Statistics for highest resolution shell are given in parenthéSRsge= =|I — Ii|/Z I, wherel is the mean intensity of thi reflections with

intensitiesl;. ¢ Target restraints are given in parenthesedain-chain/side-chain valueCrystallographidR factor = Z|F, — F|/= F,, whereF,
andF. are the observed and calculated structure amplitudes, respectively.

the CHARMM program 22), utilizing the toph19/param19 RESULTS

potential 3). Crystallographic water molecules and zincand  strycture of B5 Tyr (Human)3Rs Insulin. Under condi-
chloride ions were retained. The zinc ion interaction param- tions similar to those for Finsulin crystals 6), B5 Tyr
eters represented only nonbonded interactions (no explicitinsulin crystallizes as asRs; hexamer containing two zinc
bond terms were included to maintain specific coordination) jons on the hexamer 3-fold axis. This structure is essentially
(24). The crystal structure of the BS His Tyr mutant was  identical to that of the native human insulinRg hexamer
prepared by generating hydrogen positions necessary to fulfill crystallized with dilute phenol or chloride ion8,(32. In

the required atomic representation by using the HBUILD B5 Tyr TsR; insulin, however, the zinc ion at the center of
function of CHARMM (25). Conformational searches were the R, trimer is tetrahedrally coordinated to three B10 His
performed on the side-chain dihedrgts &ndy?) of BS Tyr. side chains and a chloride ion, while in the ffimer the
One set of calculations considered the monomer in the dimercomplex arrangement of water molecules around the zinc
environment, representative of the molecule in solution. To ion represents a mixture of tetrahedral and octahedral
reproduce the rhombohedral crystallographic environment, coordination geometry (Figure 2). It has been suggested that
in which B5 is situated at a hexamenexamer interface, a  small differences in pH or in the concentration of metal and
double hexamer was constructed, bringing together threehalide ions in the crystallization conditions may result in
T-state B5 residues. Systematic searches ofythand y- different zinc coordination stateS)( At the off-axial sites
dihedrals were made at rotations of’hd 45 for each of on the dimet-dimer interfaces, there is no additional zinc
the respective environments described above. In the hexameion binding as seen in nativesR; hexamer, since the B5
searches, the B5 dihedrals were changed synchronously, td1is — Tyr mutation eliminates the capacity to coordinate to
reflect the crystallographic symmetry. At each point in the zinc. Consequently, the side chain of B10 His occupies only
search the whole system was energy-minimized by a one conformation in the direction of the hexamer 3-fold axis
combination of steepest descent and Newton Raphson(cf. Figure 1). In many JRs hexamers, the B1B8 a-helices
methods 22). In the initial stages of the minimization, the ~©f the R monomers are slightly unwound, or “frayed”, at
side-chain positions of the B5 residues were fixed and the their N-termini, giving rise to the definition ;R's. The
rest of the atoms were allowed to relax around them. Position of B1-B3 in the R monomer of BS Tyr insulin
Subsequently, the system was extensively minimized without SUggests that this hexamer is of the foraRE (8).
constraints until the rmtsnagnitude of the forces was lower ~_ In both molecules 1 and 2, the side chains of residue BS
than 10 kcal* mol~* A=, For computational efficiency, 1Y adopt similar conformations to those of BS His in the

in the hexamerhexamer system all atoms outside of 25 A €duivalent native 3Rs hexamer (Figures 3 and 4). The shape

of the B5 residues were fixed. Previous work on localized ©f the electron density for both of these side chains reflects
conformational processes in proteins has shown that atomg? Small degree of disorder, especially in the case of molecule
more than 810 A away have negligible contributions to 2 (R-state), for which the temperature factors for the main
the process26). Moreover, analysis of structural changes chain (25.6 &) and side Cha'?‘ (3L.2%are a I|ttlo higher

in the dimer calculations suggest negligible movement of tNan average (Table 2). This could be explained by the

these distant atoms. Energy barriers for interconversion absence of any contact between the tyrosine side chain and

between selected minima were estimated by the conjugatethe rest of the protein at the dimedimer interface.

peak refinement method implemented in CHARMER), Furthermore, this area appears to contain only one water

o . ' _ molecule, and even this does not hydrogen-bond to the
The_ appllcatlo_n_ of thls methodology for Iocollzed confor hydroxyl group of the tyrosine. In molecule 1 (T-state), BS
mational transitions in proteins has been outlined elsewhere_? ™. .
(26). Tyr is located on the surface of the hexamer. The tyrosine

side chain, which is stabilized by van der Waals contacts
with the side chain of residue A10 lle of the same monomer,
1 Abbreviation: rms, root-mean-square. appears to be associated with perturbations of a nearby A7




B5 Tyr (Human) Insulin Hexamers Biochemistry, Vol. 38, No. 37, 19992045

FIGURE 2: Stereoview parallel to the crystallographic 3-fold axis showing the zinc ion ingtvénier of the B5 Tyr &R’z insulin hexamer.
The arrangement of water molecules above the zinc ion suggests that its coordination geometry is a mixture of octahedral and tetrahedral.

B17

r A \

FiIGURE 3: Stereoview of a superposition of the off-axis binding site in thériger of T;R'; B5 Tyr insulin (heavy lines) andsRs human

insulin (light lines) ). Unlike four-zinc (pig) insulin as seen in Figure 1, this structure contains no zinc ions in the off-axis binding sites.
The sites are almost identical except for the positions of the side chains of residues B5 His and B5 Tyr. The absence of water molecules
in the B5 Tyr site reflects inherent disorder in the structure.

A1l loop (molecule 2) in an adjacent hexamer. Careful observed in the crystal structure (and closer than any other
remodeling of this loop during refinement resulted in the structure generated in the search, see Table 3); this was
loop residues being assigned the following occupancies: A7termed conformer | (Figure 5). The similarity of the lowest
Cys (0.0), A8 Thr (0.5), A9 Ser (0.0) and A10 lle main chain energy conformation in both the dimer and crystal-packing
(1.0). Residues A8 Ser and A10 lle were displaced by-0.5 environments reflects the dominant nature of the intramo-
0.7 A to avoid being too close to the B5 Tyr side chain lecular interactions of the B5 Tyr side chain in determining
(Figure 4), which in turn resulted in a similar displacement the overall conformation of this side chain. In investigating
of residue A4 Glu (not shown). Given the quality of the alternative conformations for this side chain, the search
electron density in this region, the detailed nature of these results were examined to determine the next lowest energy
structural perturbations cannot be established unambiguouslyminima (the secondary minima) of significantly differept
However, the A7A10 loop shows significant structural dihedral angles (i.e., transitioning at least)6@or the dimer,
variations across the family of insulin structures (Tyrrell, this was found aj; = 27°, y» = —103. This alternative
Caves, and Dodson, unpublished results) and thus the poorconformation (conformer I1), which is characterized by a
density in this region may reflect dynamic and/or static change iry; of approximately 109 folds the side chain back
disordering, in this case enhanced by the B5 Tyr side chain.against the surface of the dimer so that the hydroxyl group
Molecular Modeling of B5S Tyr (Human)sRs Insulin. In of B5 Tyr forms a hydrogen bond with the NE2 group of
the conformational searches, the resulting minimum energy B4 GIn. In the crystal-packing environment, the next lowest
structure has B5 Tyr side-chain dihedral angles close to thoseminimum is found in an alternative conformatiop, =
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FiGure 4: Stereoview of a comparison ofR'; B5 Tyr insulin (heavy lines) andsRz; human insulin (light lines) centered on residue B5

of molecule 1 (T state). Residue numbers are either unprimed or primed to show residues in adjacent hexamers. The electron density for
the T3Rf3 B5 Tyr insulin structure, shown here by &2-F. map, shows the structural rearrangement resulting from the B5-Higr

mutation. Residue ASSer is disordered and residues A8 Thr and A10 lle have moved significantly relative to the native structure.

Table 3: Side-Chain Dihedral Angles of B5S Tyr (Molecule 1) in the local minima in both environments (Table 4). Compared to

TaRs Hexamer Crystal Structure and in Local Minima from the the dimer environment, the alternative conformations in the
Conformational Searches in the Dimer and Hexamer Environments ~ crystal-packing environment are relatively higher in energy
7 72 side-chain with respect to the common ground-state conformer |
environment conformer (deg) (deg) interactions (potential energy differences of 3.8 and 8.6 vs 37.4 and 37.5
crystal structure —67 —63 a kcal molt for dimer and crystal-packing environments,
dimer I —88 —67 b respectively).
::I _1%76 _1%% g The picture that emerges is of the B5 side chain in the
hexamers | 67 _24 e dimer environment having a well-defined primary conforma-
I 42 -97 f tion determined by local steric interactions. The secondary
1] —-170 95 g minima (conformers Il and IIl) are very close in energy

ayan der Waals contact to A10 lle side chain of same monomer. (difference of<8.6 kcal mot?) and can be interconverted
Possible hydrogen bond (2.8 A) between B5 Tyr OH and A8 Thr main- at little cost (barriers of< 9.9 kcal mot?). By contrast, in
chain oxygen of adjacent hexam@wran der Waals contact to residues  the hexamer environment, the secondary minima are rela-
of the same monomer, including the side chain of A10 lle, main chain ; : ; :
of A9 Ser, main chain of A8 Thr, and main chain of A7 Cysan der tively higher in energy (dlﬁe.rences. of up to 37'5 keal mipl
Waals contact to side chains of A4 Gin and A10 lle of the same @nd have much larger barriers to interconversion (38 to 115
monomer. Possible hydrogen bond between B5 Tyr OH and B4 GIn kcal mof?). Thus, the hexamethexamer interactions restrict
NE2 (3.0 A).4van der Waals contacts to the same monomer, including the conformational space of the B5 Tyr side chain, resulting
the main chain of A8 Thr, the side chain of A7 Cys, the main chainof i, one dominant conformation that projects toward the

A9 Ser, and the side chain of A10 llePossible hydrogen bond (2.5 ]
A) between B5 Tyr OH and A8 Thr main-chain oxygen of adjacent symmetry-related hexamer. In response, the other hexamer

hexamer. Possible hydrogen bond between B5 Tyr OH and B4 GIn @PPears to undergo an extensive reorganization involving
ND2 of same monomer. van der Waals contact to A10 lle side chain residues A7A10 of one molecule; these residues required

and A9 Ser mainchain of same monomferan der Waals contact to  remodeling during crystallographic refinement (see earlier).

main chain of A7 Cys and A8 Thr, and A3 Val side chain of adjacent  gch conformational rearrangements were not addressed in
hexamer. van der Waals contact to AB7 disulfide bridge of same . -
the modeling studies.

dimer.9 Hydrogen bond (2.5 A) to B2 Val main chain of adjacent ) ]
hexamer. van der Waals contact to A7 Cys and B7 Cys main chain of ~ Structure of B5 Tyr (Human) Insulin with Phen8l5 Tyr

same monomer. van der Waals contact to side chain of B3 GIn of (human) insulin with phenol was refined against data
adjacent hexamer. extending to 2.3 A spacing using the refinement restraints
listed in Table 2, which also gives statistics for the final set
=170, y» = 95° (conformer IIl). Here the side chain makes of coordinates. The structure is almost identical to that of
an interhexamer hydrogen bond to the backbone carbonylmonoclinic phenol insulinX0), having an average atomic
of B2 Val. The relative energies of these different conforma- displacement of 0.30 A for all atoms of the hexamer that
tions were computed for each of the closest correspondingforms the asymmetric unit. The B5 Tyr phenol insulin
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B14 Ala

Ficure 5: Stereoview of the structures corresponding to the three local minima for the side-chain conformation of B5 Tyr (molecule 1),
resulting from the conformational search in the dimer environment. Conformer | (the lowest energy minimum, see Table 4) is very similar
to the conformation observed in the crystal structure (cf. Figure 4) and is also the lowest energy minimum resulting from calculations of
the hexamerhexamer interface. The alternative conformations (Il and Il1), although of low energy and easily accessible in the dimer, are
significantly destabilized by the hexamer packing interactions (see Table 4).

Table 4. Relative Energetics and Barriers to Interconversion of the BS Tyr hydrqul groups hydrqgen-bond to BlO Olor
Local Minima from the Conformational Searches in the Dimer and B17 O of the adjacent monomer in the same dimer via a

Hexamer Environments of B5 Tyr (Human}Rs Insulint? different water molecule (Figure 7B), while in the remaining

environment site B5 tyrosyl hydroxyl group appears to make no hydrogen-
dimer hexamer bonding contact at all.
conformer | I M | T m Structure of B5 Tyr (Human) Insulin with ResorcinBb
Tyr (human) insulin with resorcinol was refined to 2.0 A
| 38 86 375 37.4 : X . ) .

I 79 48 380 —01 spacing with the refinement parameters listed in Table 2.
n 99 71 525  115.0 Table 2 also shows final refinement statistics, which indicate

2 Energies are given in kilocalories per mold=or each environment  that the average temperatuf) factor for this structure is a
(dimer and hexamer) a matrix of interconformer relationships is little higher than that for the equivalent phenol-containing
presented for conformers I, 1I, and Ill (see Table 3). In each upper structure described above, despite higher resolution data and
triangle the relative energetics of the different conformers are presentedg;jmiiar refinement strategies in the two cases. This may be
as potential energy differences of the respective local minima. In each . . . L7
lower triangle the barriers to interconversion of the different conformers explained by the observation that the resorcinol-containing
are given as the potential energy differences of the local minimum to Structure has several more disordered side chains than the
the transition state [computed by the conjugate peak refinement methodequivalent phenol structure. Generally, however, the B5 Tyr
of Fischer and Karplus2(); see text for details] for the transition from (resorcinol) insulin hexamer is very similar to the native
the columnwise conformer to the rowwise conformer. insulin R6 (phenol) hexamer, showing an average atomic
displacement of 0.28 A for all protein atoms in the asym-
metric unit. The B5 Tyr mutant insulin hexamer contains
two tetrahedrally coordinated zinc ions on the 3-fold axis
h and two resorcinol molecules at each dimdimer interface.

The hydrogen-bonding and van der Waals interactions made
by each of the resorcinol molecules are the same as those

hexamer contains two tetrahedrally coordinated zinc ions on
the hexamer 3-fold axis, each with a chloride ion as the fourth
ligand. At each of the three dimedimer interfaces there

are two phenol ligands occupying similar binding sites. Eac
phenol forms van der Waals contact with the tyrosyl side
chain of residue B5 Tyr and is also hydrogen-bonded to A6

0 and A11 N of the adjacent dimer (Figure 6) made by resorcinol in the native structure, including a water
As the mutated residue is located inside thehBxamer bridge between A1l O and the second hydroxyl group of
y resorcinol.

it has no effect on crystal contacts. Furthermore, the positions
of the phenol molecule and the mutated side chain, relative As in the phenol complex, where the hydrogen-bonding
to those of the native structure, have hardly changed. Thecontacts of the B5 tyrosine OH group varies in the different
water structure does vary in each of the six crystallographi- subunits, the six resorcinol binding sites are not completely
cally independent binding sites, giving rise to different identical. In three of the binding sites, the B5 Tyr OH group
hydrogen-bonding interactions at the diméimer interfaces. ~ forms a hydrogen bond to a water molecule associated with
In two of the sites, the B5 Tyr side chain hydrogen-bonds resorcinol, thus forming an extra contact between the dimers
to the adjacent dimer through a bridging water molecule (Figure 8A). However, in the fourth binding site the B5 Tyr
between B5 OH and A11 O (Figure 7A). In three other sites, OH group hydrogen-bonds directly to resorcinol (Figure 8B).
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*
B14’ Ala

e

B17”’ Leu

* \

FIGURE 6: Stereoview showing a superposition of the phenol binding siteg BBRyr insulin hexamer (heavy lines) and nativgifsulin
(light lines) @10). The mutation has very little effect on the positions of the phenol molecule of the surrounding side chains.

The last two B5 Tyr OH hydrogen bonds to B17 O of the ligands in an analogous fashion. Compared with the native
adjacent monomer in the same dimer are via a different waterstructure, there are only small differences at the dindémer

molecule. interfaces where the B5 tyrosine OH group and the phenolic
ligand introduce a few extra hydrogen bonds through ordered
DISCUSSION water molecules. In the absence of phenolic ligand, B5 Tyr

The B5 His — Tyr mutation is one in a series of insulin crystallizes as a sR; hexamer in which B5 Tyr

mutagenesis studies that have been carried out to investigatémolecule 2) is situated at the dimedlimer interface of the
the aggregation properties of insulin. These have included R trimer. The tyrosine side chain, however, does not make
selected point mutations at the monomeronomer interface &N interdimer contacts analagous to phenol, showing that
such as B165 (28), B28*P (1, 2, 29, and B28Y5B29P™ (3), it does not serve to ;tab|llze the_ R-state molecules in the
which give rise to insulins that are predominantly monomeric S8me way. To examine the origins of the observeRsT
at physiological concentrations. Also, mutations have been conformation, a simple modeling study was carried out in

made that affect zinc ion coordination, for example, B10 His Which all of the BS His side chains in the native iisulin
— Asp (1, 30) These studies have applications for insulin héxamer were substituted by tyrosine residues. With the

therapy since the rate of action of injected insulin can, to Pulkier side chain, the ring-stacking interaction characteristic
some extent, be controlled by the rate of dissociation of the Of BS His was not possible, as one of the tyrosine side chains

hexamers g1). In native insulin, residue B5 His does not Would have to undergo a significant conformational rear-
have a clearly defined role. It is neither critical for receptor "@ngement to avoid a steric clash with the adjacent hexamer.

binding nor, it appears, functional in dimer or hexamer Therefore, itis quite fgasible that the B5 Tyr insulin hexamer
formation. Nevertheless, in the hexamer B5 His has a @dopts the JR; state in order to remove B5 Tyr (molecule
fascinating ability to coordinate zinc ions and interact 2) from the surface of the hexamer. This transition, which
favorably with phenolic moleculeg( 10, 11, 32 Further- IS low energy in the native structure-2 kcal mol* (33)],
more, sequence alignments of insulins from diverse physi- IS likely to be easier in the case of BS Tyr insulin since
ological sources reveal that when B10 His is present it is intramolecular hydrogen bonds made by the side chain of
almost always accompanied by B5 His, indicating that the B5 His that stabilize the T state in the native insulin hexamer

latter may have a role in hexamer assembly. are no longer preseneé)
In the present study, different crystallization conditions  In the T; trimer of the BR3; B5 Tyr insulin hexamer, B5
have been used to explore the effect of the B5 Hidyr Tyr (molecule 1) is located on the surface of the hexamer

mutation in hexameric insulin. When phenol or resorcinol where it adopts a similar conformation to the native B5 His

is present in the crystallization mediumg Rexamers are  side chain (Figure 4). The position of the larger tyrosine side
obtained. In these cases, the effect of the mutation is almostchain is, however, associated with significant disorder in the
neutral since B5 Tyr, despite its different size and hydrogen- A7—A10 loop of molecule 2 in the adjacent hexamer. On

bonding character, adopts an equivalent position to B5 His steric grounds, such structural perturbations could potentially
at the dimer-dimer interface, interacting with phenolic be avoided by a rotation of approximately 28Youndy:
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x x

FiGure 7: Stereoviews showing the hydrogen-bonding pattern for the phenol molecule (PHN) and the B5 Tyr side chain as it appears in
two different sites in the RB5 Tyr (phenol) insulin hexamer. Residues of different dimers are labeled as unprimed or primed. (A) The
tyrosine side chain makes a dimetimer contact to A11 O of the adjacent dimer via a bridging water molecule. (B) The B5 Tyr side chain
makes an intradimer hydrogen bond to either B16 O or B17 O via a bridging water molecule.

of B5 Tyr. To investigate this possibility, energy minimiza- to be further lowered by the higher entropies of the transition
tion studies were carried out to calculate the energies of states with respect to the ground states. (The structures of
alternative conformational transitions for the B5 Tyr side the transition states are characterized by fewer contacts
chain (molecule 1). The results for the isolated dimer reveal between the tyrosine side chain and the protein when
several possible low-energy conformations. Interconversionscompared to the ground state; see for example26af In
between these different minima are quite feasible at room the hexamerhexamer model, the tyrosine side chain lies at
temperature, since the enthalpic energy barriers that separatéhe interface, and although the lowest energy minimum
them are low. Moreover, the free energy barriers are likely (ground state) is the same as the dimer (conformer 1), the
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FiGurRE 8: Stereoviews showing the hydrogen-bonding pattern of the resorcinol molecule (RES) and the B5 Tyr side chain as it appears in
two different sites in the RB5 Tyr (resorcinol) insulin hexamer. Residues of different dimers are labeled as unprimed or primed. (A) The
tyrosine side chain and the resorcinol molecule make dirdener contact via a bridging water molecule. (B) The B5 Tyr side chain
makes an intradimer hydrogen bond to B17 O.

secondary minima are relatively higher in energy and the To conclude, our results suggest that in the rhombohedral
additional steric interactions make the barriers to intercon- insulin crystals, the B5 His> Tyr mutation destabilizes the
version very high. Thus, out of the three possible minima T-state (through loss of relevant hydrogen bonds and through
considered in the dimer only the observed ground-state steric clashes) rather than stabilizing the R-state as antici-
conformer (conformer 1) is selected upon assembling into pated. A complete transition to the; Rtate is unlikely to

the hexamers in the crystal structure. Hence, there is a localoccur in the absence of a phenolic ligand since the energy
steric preference for keeping the tyrosine side chain in barrier for the TR; — Rs transition is significantly higher
conformer | even though this appears to result in perturba-than that for the § — T3R; transformation §3). The
tions in a loop of the adjacent hexamer. structural disorder observed for residuesA¥L0 (molecule
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2) of the B5 Tyr ER3; hexamer appears to be the result of a
stiff local conformational preference at B5S Tyr (molecule

1). It is interesting that another packing arrangement was

not selected so as to avoid B5 Tyr being involved in crystal
contacts altogether. Regarding the physiological role of
residue B5 His, one possibility is that it promotes the
formation of rhombohedral hexamer packing in the insulin
storage vesicles in the-cell, as it does in the crystals. This
would aid efficient packing of insulin in the vesicles, since

rhombohedral insulin crystals have a lower solvent content

(35—40%) than other crystalline forms of insulin [e.g., in
monoclinic (phenol) insulin it is 50%]. Furthermore, electron
micrographs of rgf granules and those of some other species
show evidence of rhombohedral packing formatio84).(
Finally, although the B5 His> Tyr mutation did not stabilize

the R-state in the way anticipated, its observed tendency to

crystallize in the TR; state could give it an application as a
slow-acting insulin, since nativesR;z insulin crystals have
already been used for this purpoSb)
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