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ABSTRACT. The three-dimensional solution structure of the phenol-stabilized 36 kasBlin hexamer

was determined by NMR spectroscopy and restrained molecular dynamics. The hexamer structures were
derived using a stepwise procedure. Initially, 60 monomers were obtained by distance geometry from
665 NOE-derived distance restraints and three disulfide bridges. Subsequently, the hexamer structures
were calculated by simulated annealing, using 30 hexamers constructed from the best 36 monomer structures
as the starting models. The NMR data show that the aromatic ring of residue Phe(B25) can take two
different orientations in the solution hexamer: one in which it points inward (molecule 1, about 90%)
and one in which it points outward from the surface of the monomer (molecule 2, about 10%). Therefore,
two hexamer structures were calculated: a symmetric hexamer consisting of six molecule 1 monomers
and a nonsymmetric hexamer consisting of five molecule 1 monomers and one molecule 2 monomer.
For each of the six monomers, the restraints used in the calculations of the hexamer structures include,
in addition to the intramonomeric restraints, 25 NOEs between insulin and phenol, 23 NOEs and two
hydrogen bonds across the dimer interface, nine NOEs across the trimer interface, and five intramonomeric
or two intermonomeric NOESs, respectively, specifying the different orientations of the Phe(B25) ring.
The coordination of the two Zn atoms was defined by eight distance restraints. Thus, a total of 4394 and
4391 distance restraints, respectively, were used in the two hexamer calculations. The NOE restraints
were classified in an iterative process as intra- or intermonomeric on the basis of their consistency or
inconsistency with the structure of the monomer. The assignment of the dimer- and trimer-specific NOEs
was made using the crystal structure of thehBxamer as the starting model. For both solution hexamers,

the average backbone rms deviation is 0.81 A, if the less well-defined N- and C-terminal residues are
excluded. The corresponding rms deviations for all heavy atoms are 1.17 and 1.19 A for the nonsymmetric
and symmetric hexamer, respectively. The overall solution structure oftimsin hexamer is compact,

rigid, and symmetric and resembles the corresponding crystal structure. However, the extension of the
B-chain a-helix, which characterizes the R state, is shorter in the solution structure than in the crystal
structure. Also, the study shows that the orientation of the Phe(B25) ring has no effect on the structure
of the rest of the molecule, within the uncertainty of the structure determination. The importance of
these findings for the current model for the insulieceptor interaction is discussed.

The determination of the structure and flexibility of the 1993a; Jargensen et al., 1992, 1996; Ludvigsen et al., 1994)
insulin molecule and the elucidation of the importance of but also about the flexibility of these insulins in solution
these characteristics for the function and aggregation of theand about possible conformational changes that may be
hormone have for decades been among the most intriguingassociated with the receptor binding of the hormone.
problems in structural biology (Blundell et al., 1972; Chothia Furthermore, insight into the structural basis for the insulin
et al., 1983; Hua et al., 1991). aggregation (Brange et al., 1988; Brems et al., 1992;

Within the last few years, studies of the structufenction Jargensen et al., 1996) has provided a basis for the design
relationship and flexibility of insulin in solution have gained of new biologically active mutants that are nonaggregating
considerable momentum from NMRpectroscopy. Thus, at pharmaceutical concentrations.

NMR studies have provided detailed information not only
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Human insulin consists of a 21-residue A-chain and a 30- process, where first the structure of the monomer and
residue B-chain, linked by two disulfide bonds. An intra- monomer-specific NOEs were obtained in an iterative process
chain disulfide bond also exists in the A-chain. The insulin and, subsequently, the structure of the lexamer was
hexamer, which is formed in the presence ofZions and determined, using the solution structure of an insulin dimer
at pH values around neutral, shows a considerable flexibility. (Jargensen et al., 1992) and the crystal structure of the R
Thus, it is capable of undergoing transitions between threeinsulin hexamer to resolve the NOE ambiguities. Finally,
distinct conformational states (Renscheidt et al., 1984; the obtained R solution hexamer is compared with the
Wollmer et al., 1987; Brader et al., 1991) designated T corresponding crystal structure and with the solution struc-
T3Rs, and R (Kaarsholm et al., 1989; Derewenda et al., tures of dimeric and monomeric mutants of human insulin,
1989) on the basis of their ligand binding properties, and structural changes that are significant for the insulin
allosteric behavior, and pseudo point symmetries. In par- receptor interaction are discussed.
ticular, phenolm-cresol, and other phenolic compounds can
drive the T— R transition to completion, resulting in ak R EXPERIMENTAL PROCEDURES

hexamer complexed with the phenols (Derewenda et al., . . . . .
1989). The principal changes associated with the-TR (a) Sample PreparationBiosynthetic 2Zn human insulin

transition are a transformation of the N-terminal end of the WaS kindly supplied by Novo Nordisk A/S, while the;0
B-chain from extended conformation (T state) to helix (R and perdeuterated phenol was purchased from ISOTEC Inc.

state) and a movement of the N terminus of the B-chain by and MSD Isotopes, respectively: All other chemicals were
more than 30 A. obtained from Merck. The &nsulin hexamer samples were

The dramatic structural changes that occur in the- R pre_:pared by dissol_ving the lyophilized Zn insulin in®
transition make the Rnsulin hexamer a unique and valuable (with 10% D;0) or in 99.96% DO. The pH values of the

system in the studies of allosteric conformational changes S2mples were gdjuslted to 8:8.1 édirelct mheter reading),
in proteins in general (Brader et al., 1991) and in insulin in YSINg NaOH and HCl or NaOD and DCI. The concentration

particular. Even though the physiological importance of the of 2Zn insulin in the NMR samples was-3 mM, Wh"e
T — R transition is unclear, it provides information about th€ phenol concentration was285 mM, corresponding to

the flexibility of the insulin monomer, which may be relevant a phenol:lnsuhr_l molar ratio Qf 7:1. The samples used for_
for its function. Thus, it has been speculated that the T the spectral assignment contained perdeuterated phenol, while
R transition may mimi’c changes in the insulin conformation those used for the identification of NOE correlations between

that resemble those associated with its receptor binding phenol and in.sulin.qont_ained normaH]-phenol. In cases
(Derewanda et al., 1989; Nakagawa & Tager, 1992: Hua etWhere these identifications were hampered by the strong
al., 1993b). N ’ ’ ’ phenol signals, a sample with a phenol:insulin ratio of 3:1

The determination of the three-dimensional structure and W& useéd. The lower phenol concentration caused no
the flexibility of the R insulin hexamer in solution is, changes in the spectra as compared to those obtained at the

therefore, of great interest. Recently, a provisional DGSA h_igher phgnol:insulin ratio, except for thg weaker phenol
model of an isolated protomer within the Solution hexamer signals. Dioxane (1 mM) was added as an internal reference.

was published by Jacoby et al. (1996). However, despite | ¢ Samples were stored at & between the NMR

the virtues of NMR spectroscopy as a method for the _experiments to prevent degradation. Also, the phenol, which

determination of the solution structures of proteins, it is is widely u.sed as a prg;ervative in therapeutic prgparations
inherently difficult to determine the solution structures of O.f human |nsu!|n, §tab|llzed the samples. Accordmgly, no
symmetric multimers such as the Rsulin hexamer using signs of deamidation or other types of degradation of the

the method, simply because it is intrinsically impossible to Nsulin in the samples were observed even after months.
distinguish between intra- and intermonomeric NOEs in () NMR SpectroscopyMost of the'H—'H and'H—*3C
regu|ar NOESY Spectra_ St|||, NMR structures have been chemical shift-correlated 2D NMR SpeCtl’a were recorded at
determined for a series of protein dimers (Clore et al., 1990; @ *H frequency of 500 MHz and &C frequency of 125.7
Breg et al., 1990; Kay et al., 1991; Jargensen et al., 1992)MHz on a Bruker AM500 spectrometer, with sequential
either by comparison of the NMR data with the available quadrature detection in thiedimension (Redfield & Kunz,
crystal structures or by using an iterative strategy whereby 1975) and TPPI in thé, dimension (Drobny et al., 1979;
initial structures are calculated on the basis of a smaller Bodenhausen et al., 1980; Marion & Wuch, 1983). The
number of unambiguous NOEs. Further alleviation of the 500 MHz NOESY spectra used to identify the instiin
ambiguity problem in the studies of protein dimers is Phenol correlations and the slowly exchanging amide protons
provided by the use of asymmetric isotope labeling, either and a 750 MHz NOESY spectrum used for a more detailed
as heterodimers Consisting of monomers with different investigation of the correlation in the N-terminal end of the
deuterium labeling (Weiss, 1990; Arrowsmith et al., 1990) B-chain were recorded on Varian Unity Inova 500 and 750
or, more feasible, by the use of uniform§C-labeled and ~ Spectrometers, respectively, using TPBlates frequency
13C-unlabeled monomers (Folkers et al., 1993), and possibly discrimination (Marion et al., 1989). The temperature was
in combination with'sN labeling (Clore et al., 1994; Lee et 310 K in most cases, although spectra were also recorded at
al., 1995). However, even with the latter approach, the other temperatures in the range of 280 K.
determination of the NMR structure of more complex  Three different types of 2D experiments were applied:
systemse.g.a tetramer, has proven to be difficult (Clore et DQF-COSY (Rance et al., 1983), TOCSY (Braunschweiler
al., 1995) without prior knowledge of the crystal structure. & Ernst, 1983; Bax & Davis, 1985), and NOESY (Jeener et
Here, we present the three-dimensional solution structureal., 1979; Macura et al., 1981). The TOCSY spectra were
of the complete 36 kDa Fhexamer of human insulin. The recorded with mixing times of 30, 60, and 90 ms iaCH
structures of the hexamers were determined in a stepwiserespectively. A DIPSI-2 (Shaka et al., 1988) spin lock pulse
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of 8.3 kHz was applied in combination with two z-filters
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(c) Structure CalculationsThe calculation of the hexamer

(Sgrensen et al., 1984; Rance, 1987). The NOESY spectrastructures was carried out as a stepwise process. First, the

were recorded with mixing times of 40, 150, or 180 ms. In
order to obtain correlations in the fingerprint region that
involve a-protons normally saturated by the water irradiation,
NOESY spectra in BD were also acquired using a jump-

return read pulse (Driscoll et al., 1989) on the Bruker AM500
spectrometer and the WATERGATE technique (Piotto et al.,

structure of the monomers and the assignment of the
intramonomeric NOEs were obtained by an iterative proce-
dure to distinguish the intramonomeric NOEs from the
intermonomeric NOEs and to overcome complications
caused by signal overlap in the NMR spectra. Subsequently,
the organization of the six monomers and the phenol

1992) on the Varian Unity Inova 500 spectrometer. Inthese molecules in the hexamers were determined using the
spectra, the residual water resonance was removed bysolution structure of an insulin dimer (Jgrgensen et al., 1992)
deconvolution before the Fourier transformation (Marion & and the crystal structure of the; sulin hexamer (Dere-
Bax, 1989), and a linear baseline correction was applied in wenda et al., 1989) to assign the individual NOEs identified
both frequency dimensions. as intermonomeric in the iterative process just mentioned.
Qualitative discrimination between slowly and rapidly The structure calculations were performed with the program
exchanging amide protons was achieved by recording aX-PLOR (Bringer, 1992) using distance geometry, simulated

WATERGATE NOESY spectrum during the first 22 h after
dissolving the sample in 99.96%0 and defining the amide

annealing, and restrained energy minimization (Nilges et al.,
1988). All parameter and topology files used are those given

protons giving rise to cross-peaks in this spectrum as slowly in the X-PLOR program.
exchanging. The sample used in this experiment was The starting point for the structure calculations was a

obtained by dissolving the ;Rinsulin from a freeze-dried
H,O sample in RO containing the appropriate surplus of
perdeuterated phenol.

Two different types ofH—3C chemical shift-correlated

generation of 60 monomer substructures, using the DG-SUB-
EMBED protocol. The substructures included the backbone
nitrogen, carbon, and hydrogen atoms and fheand

y-carbons. Subsequently, simulated annealing calculations

experiments were performed: (1) an HSQC experiment were carried out using the DGSA protocol. The structures

(Bodenhausen & Ruben, 1980) correlatingfi@@nuclei with

were first run through 200 cycles of restrained energy

the directly bound protons and (2) an HSQC-TOCSY minimization. This was followed by 4 ps of restrained
experiment (Norwood et al., 1990; Kessler et al., 1990) molecular Verlet dynamics at a temperature of 3000 K and
correlating*3C nuclei with protons further away in the spin 8 ps of cooling to 300 K. The time steps were 0.001 ps in
systems. ThéH—13C-correlated spectra were recorded with both cases, while the temperature was varied in steps of 50
13C in natural abundance. The mixing time in the HSQC- K during the cooling stage. The van der Waals energy
TOCSY experiment was 40 ms. The remaining experimental function was represented by a simple repel function. During
details were as described previously (Kristensen & Led, the cooling stage, the van der Waals interactions were
1995). increased by varying the force constant of the van der Waals
Finally, a few cases of overlap in the 2D spectra that repel function from 0.003 to 4 kcal mdl A=,
prevented a complete sequential assignment were resolved In the calculations of the hexamer structures, distance
in a'tH 3D TOCSY-NOESY spectrum recorded as described geometry calculations were not performed because of the
previously (Badsberg et al., 1996). The mixing times used very large system involved (4802 atoms). Instead, the initial
were 60 ms for the TOCSY part and 180 ms for the NOESY coordinates of the hexamers were taken as those of six
part of the experiment. different monomer structures chosen randomly among the
The data processing and the digital resolution and window 36 best monomer DGSA structures. The initial coordinates
functions applied were as described previously (Kristensenof the Zn atoms and those of the two Zn-bound water
& Led, 1995; Badsberg et al., 1996). The first seven points molecules and the phenol molecule&lé infra) were taken
in eacht, slice were routinely reconstructed by backward from a template structure (Bnger, 1992). Subsequently,
linear prediction (Marion & Bax, 1989; Led & Gesmar, the relative positions within the hexameric organization of
1991). Inthe'H—3C-correlated spectra, the 512 data points the insulin monomers, the Zn atoms, and the water and
in thet; dimension were extended to 1024, using the forward phenol molecules were determined in a refinement calcula-
linear prediction estimation (Tirendi & Martin, 1989; Led tion that included restrained energy minimization and
& Gesmar, 1991). The digital resolution of thel—1H- simulated annealing.
correlated 2D spectra was 2.4 Hz/point in fedimension Thus, the hexamer structures were first run through 500
and 4.9 Hz/point in th&; dimension after zero filling. The  cycles of restrained energy minimization and 4000 cycles
digital resolution of the 2D0H—3C-correlated spectra was of restrained molecular Verlet dynamics at a temperature of
1.2 Hz/point in the=, dimension and 9.8 Hz/point in tHe 6000 K. Subsequently, the structures were slowly (8000
dimension. Finally, in the 3D spectrum, the digital resolution steps) cooled to 100 K, and the 20 structures with the lowest
was 7.2 Hz/point in thé&3; dimension and 14.6 Hz/point in  total energy were run through 8000 cycles of restrained
both theF; andF; dimensions after zero filling to twice the  molecular dynamics while the temperature was reduced from
number of data points in these two dimensions, while the 6000 to 100 K. In these calculations, the time step was 0.003
applied window function was a double parabola in all three ps while the temperature was varied in steps of 50 K.
dimensions. This window function, which has a shape that Finally, the structures were run through 200 steps of
resembles that of a shifted sine bell, consists of two half- restrained energy minimization calculations, and the 10
parabola with a common maximum. The first half-parabola structures with the lowest total energy were selected.
defines the window function from the starting point to the Throughout the hexamer calculations, the van der Waals
maximum, while the second defines the window function interaction was represented by a simple repel function. In
from the maximum to the end point. the initial restrained energy minimization, the force constant
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of this term was 0.01 kcal mot A= to allow close contact (d) Restraints. Interproton distance restraints were ob-

between the atoms, while in the rest of the DGSA calcula- tained from the NOESY experiments detailed above. The
tions, it was varied as in the monomer calculations. Again NOEs were identified as intramonomeric NOEs on the basis
during the cooling stage of the refinement, the repel force of their consistency with the calculated monomer structures
constant was varied from 0.003 to 4 kcal mof 4. (vide infra). Otherwise, the NOEs were classified as dimer-

Two sets of 30 hexamer structures were calculated, the©" trimer-specific NOEs using the crystal structure of the
sets differing only in the NOEs that define the orientation Re insulin hexamer as the initial model (Derewenda et al.,
of the aromatic ring of the Phe(B25) residue in one of the 1989) and subsequently justified in the structure calculations.
monomers gide infra). The amount of time used for the In a few cases where the observed NOEs were not readily
simulated annealing calculations and the structure refinementclassified as exclusively intramonomeric, but could also result
calculations was 3.5 and 0.75 h per structure, respectively from contacts across the dimer and trimer interfaces accord-
on a DEC3000 AXP 400 workstation. ing to the calculated structures, they were included only as

intramonomeric in the calculation. An example is provided

A number of different calculation strategies were inves- by the NOEs between Val(B12}CH; and Phe(B24]-CH
tigated before the final calculation described above. TheseWhich are found both within the rr?onomer and acros's the

include a calculation \_/vhere a number of dimers were dimer interface.
constructed on the basis of the monomer structures. Sub-

sequently, these dimers were used as starting coordinates foE
the hexamer. Both dimer and hexamer structure calculations
were carried out as described above, except that the startin
temperature was only 5000 K in both calculations. This

strategy resulted in hexamer structures very similar to thosefor each of the residuesifle infra), except for Phe(B25)

obtained in the calculations that started directly from the _ 4 Phe(B24), and only one set of resonances for the phenol
monomers, the rms deviation between the average structureg oo jes. It was, therefore, assumed that the six insulin
n the two cases being 0.60 A if the I‘?SS weII-de_fm_ed monomers have identical structures and are organized in the
terminals were excluded. Also, the respective rms (_JIeV|at|ons same way within the hexamer together with their associated
from the average structures were almost identical in the two phenol molecule. Consequently, the same intra- and inter-
cases. In the calculation of the dimer, the coordinates of .\ Jiacular NOEs. as well as NbEs between insulin and

tv;/oh|d3nt|cal mon(r)]mﬁrs were usled Ias_ the 'ﬂ't'al coordinates nhen o molecules, were included in the calculation for each
of the dimers. In the hexamer calculations, however, Starting ot the six monomers.

with monomers or dimers with different sets of coordinates The intensities of all NOE cross-peaks were determined

proved to be essential. The most important parameter for g, ,aniitatively by a combination of linear prediction analysis
the structure calculz_:\tlons was fo_und to be the starting g4 simple least-squares estimation (Gesmar et al., 1994;
temperature. Thus, in the calculations, where the hexamery isiensen et al., 1996). On the basis of these intensities,

structures were calculateq directly from six monomer o NOEs were classified as “strong”, “medium”, and “weak”
structures, an increase of this temperature from 5000 to 60005 gescribed previously (Badsberg et al., 1996). The

K improved the convergence ratio from 1 out of 6 structures corresponding upper bound distance restraints were 2.85,
to 4 out of 6 structures. Also, the force constant of the NCS 3.56, and 5.00 A, respectively. Correction factors for

term (vide infra) has some influence on the calculation of pseudoatoms were added to these limits as described by
the hexamer from the dimer structures. Thus, a 10-fold \ygthrich et al. (1983). In cases where the NOE intensities
increase of the NCS force constant in these calculationsyere too small to be determined quantitatively by the least-
improved the convergence ratio. A similar improvement was squares procedure, they were classified as weak.

not observed in the calculation of the hexamers based on 33,4, COUpliNg constants could not be obtained from the

the monomer structures. experimental spectra using standard methods due to overlap
Finally, it should be mentioned that, although the deter- caused by the large line widths. Therefore, no backbone
mination here of the hexameric organization of the six torsion angle constraints were included in the calculation.
monomers relies on the solution structure of a dimer Two distance restraints were included for each of the
(Jorgensen et al., 1992) and the crystal structure of the R intermonomeric hydrogen bonds involving Phe(B24) and
hexamer (Derewenda et al., 1989), a determination of the Tyr(B26). These distance restraints were from 1.8 to 2.0 A
solution structures of the #hexamers from the NMR data  for the O-H distance and from 2.7 to 3.0 A for the-\
alone might well be possible, in the same way as recently distance. No other hydrogen bond restraints were included
demonstrated for the P53 tetramer (Clore et al., 1994; Leeat any stage of the calculations.
et al., 1995). Moreover, the difficulties of organizing the Finally, in the distance geometry calculations, one distance
two dimers encountered in that case (Clore et al., 1995) mayrestraint was included for each of the three disulfide bonds.
not apply here, since the number of intermonomeric NOEs Upper and lower limits for the SS distance across the
in the R insulin hexamers is considerably larger than the disulfide bonds were 2.12 and 1.92 A, respectively. In the
number in the P53 tetramer because of tighter packing of simulated annealing and the final energy minimization
the monomers in the former than in the latter multimer. In calculations gide infra), the disulfide bonds were treated as
particular, by employing the dynamic assignment method real bonds.
recently suggested by O’Donoghue et al. (1996), a determi- Thetopallhdgandparallhdgparameter files were extended
nation of the structures of thesRexamers from NMR data  to account for the phenol molecules and the coordination to
alone might be possible even without the use of isotope the Zn atoms. Thus, the phenol molecule was included in
labeling. the topology file as a Tyr residue in which the backbone

The phenot-insulin correlations were easily identified by
omparison between corresponding spectra of the samples
containing perdeuterated phenol and norniéd]{phenol,
grespectively.

The NMR spectra contain only a single set of resonances
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and g-atoms were deleted, while a proton was added in X
position 4. The charges on the carbon and proton in position ~ %°
4 were set equal to the charges of the carbons and protons
in positions 2, 3, 5, and 6. The binding site of the Zn atoms
cannot be identified from the NMR data. It was, therefore,
assumed that the two Znions are tetrahedrally coordinated

to the three His(B10) side chains as in the crystal structure
of the R; hexamer (Smith & Dodson, 1992). The Zn atom
was introduced in the calculation as described for the Cu
coordination in plastocyanin (Badsberg et al., 1996), except
that distance restraints between the His(B162 Ktoms and
the Zn atoms were included instead of real bonds. The ~
distance restraints between the two atoms were kept within
the limits of 1.8-2.4 A, according to the values of the
corresponding distance in the crystal structure of the R
hexamer. The BR—Zn—Ne2 angles were constrained to
110 and the Zr-Ne2—C angles to 125 as found in the
crystal structure (Derewenda et al., 1989). For both angles,
the force constant was only 10 kcal mbtad to allow a
relatively large variation from the equilibrium value. The
fourth group that coordinates to the Zn atom is a water "t (ppm)

molecule according to the crystal structure. The topology Ficure 1: Amide proton region of théH TOCSY spectrum of
and the parameters describing the water molecules were takeithe phenol-stabilized &hexamers of human insulin inB (5 mM,
from the filestopoplsx.proand paroplsx.pro The mass of gl';'pﬁé%'c?’plr%tg;how'”g the correlations between the amide and
the Zn atom was set to 65.37 as in the fi@h19.ion while '

the parameters describing the nonbonding interactions forin the assignments because of the large dispersion it#¢he
this atom were taken fromparameters.elementsto account dimension, especially in the aromatic region where the
for the Gly(Al) residue, the filparallhdg.prowas extended  assignment of the'H resonances in proteins is often
with one improper angle describing N-terminal glycines.  hampered by the limited dispersion. In particular, the

Throughout the hexamer calculations, the X-PLOR NCS assignment of these protons is important for the determination
term was included in the empirical energy function to Of the 3D solution structure of the phenol-stabilizedrigulin
maintain the same structure of the six units within the hexamer, because of their involvement in the hydrophobic
hexamer, a unit being an insulin molecule together with the interactions that characterize the dimer formation, and
nearest phenol molecule. All atoms, except those of Phe-because of the multiple orientations of the phenyl ring of
(B25) in the nonsymmetric hexamer, were constrained by Phe(B25) described below.
this term, the force constant being 0.1 kcal md\ 2 in the The large upfield shifts observed for the protons in the
initial restrained energy minimization and 0.001 kcal mol  imidazole groups of His(B5) and His(B10) are of special
A-2in the high-temperature calculations. During the cooling interest. These shifts contrast with those found for most other
stage, the NCS force constant was varied from 0.001 to 1.0insulin mutants (Hua & Weiss, 1991; Kristensen et al., 1991;
kcal mot? A-2, while in the final refinement, it was 1.0 Kristensen & Led, 1995; Jgrgensen et al., 1996) but are in
kcal mol?! A—2. agreement with the assignments of the corresponding imi-
dazole protons in the resorcinol-inducegli@xamer (Brzovic
et al., 1994) and, most likely, reflect the Zn coordination in
the case of His(B10), and an influence from the aromatic
alcohol bound in the Fhexamer in the case of His(B5S)ide
infra). The absence in the HSQC spectra of thk-1°C
correlations from the imidazole rings of His(B5) and His-
'H DQF-COSY, TOCSY, NOESY, antH—**C-correlated  (B10) is another indication of the special environments
HSQC and HSQC-TOCSY spectra andth3D TOCSY-  experienced by the two imidazole rings in the phenol-
NOESY spectrum. Only one set of resonances was observedtabilized hexamer. Thus, for other insulin mutants with no
for each residue, except for Phe(B25) and Phe(B2#)e(  phenol molecules and Zn atoms bound, strong and easily
infra). Also, the phenol molecules were characterized by jdentifiable 'H—13C correlations from the imidazole rings
only one set of resonances. The quality of the spectra usedof His(B5) and His(B10) were observed (Kristensen & Led,
in the assignment is illustrated in Figures 1 and 2. All 1995: Jgrgensen et al., 1996).
sequential NOEs are indicated in Figure 3. In general, the (b) Evidence for the Presence of Two Monomer Confor-
'H assignment is in agreement with the corresponding mations. As it appears from Figure 2, thel—3C-correlated
assignment at 328 K, which was published recently by . and¢-cross-peaks of Phe(B25) are doubled at 310 K. This
Jacoby et al. (1996). Only for the amide protons are jmmediately shows that there is a structural heterogeneity
d_eviations _found systematically, most likely because of the in the vicinity of the aromatic ring of Phe(B25). In thd—
difference in temperature. IH-correlated spectra, this is confirmed by the presence of
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RESULTS

(a) Sequential Assignment&ssentially complete assign-
ments of the'H and*3C resonances were achieved by well-
established procedures (Wiich, 1986) on the basis of 2D

As in previous NMR studies of insulin (Kristensen & Led,
1995; Jagrgensen et al., 1996), fire-13C-correlated HSQC
and HSQC-TOCSY spectra (Figure 2) proved to be valuable

two independent sets of- and Z-signals for Phe(B25)
belonging to two independent patterns of NOE correlations.
Moreover, only one of these patterns of correlations is
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FiIGURE 2: Aromatic region offH—13C chemical shift-correlated 2D NMR spectra of the phenol-stabilizeeRamers of human insulin

in DO (5 mM, pH 8.0, 310 K) showing the correlations in the phenylalanine rings: (a) an HSQC spectrum showing the one-bond correlations
and (b) an HSQC-TOCSY spectra showing the two-bond correlations. For the Phe(B25) spin system, two-bond correlations were observed

only for the major conformation (molecule 1). The asterisks indicate artifacts arising from the carrier.
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Ficure 3: Summary of sequential and medium-range NOE connectivities of the phenol-stabidibecdners of human insulin used in

the sequential assignment and to characterize the secondary structure. The observed connectivities are indicated by bars connecting the two
involved residues. For Pro(B28), the connectivities todkgrotons are shown. The intensities of the sequential NOEs are indicated by the
thickness of the bars. Backbone amide protons that are exchanging slowly with deutero@s aneDndicated by filled circles®). The

CSl of IH, and13C, were calculated as described previously (Jargensen et al., 1996H,NOSIs are given for the six disulfide-bonded

cysteine residues, as indicated by the asterisks (

exclusively intramonomeric, while the other pattern also (A19) -CH,, Phe(B25)6-CH and Thr(B27)y-CHs, Phe-
includes intermonomeric NOEs. Thus, the first pattern (B25) 6-CH and Thr(B27)3-CH, and Phe(B25%-CH and
includes connectivities between the following protons: Phe- Thr(B27)3-CH, all within the same monomer. In contrast,
(B25) e-CH and Tyr(A19)a-CH, Phe(B25%-CH and Tyr- the other pattern includes connectivities between Phe(B25)
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¢-CH and Thr(B27)-CH; and between Phe(B258)CH and I AN

both of the Phe(B258-CH, protons, all across the dimer .- s

interface. The distinction between the connectivities belong- «

ing to the two individual patterns could in most cases be .

made by visual inspection of the structures of the monomers. g ,,|.

Subsequently, they were all confirmed, unambiguously, by 5l

the structure calculationsifle infra). Furthermore, the Phe- &

(B25) ¢-CH—Thr(B27) y-CHs; and Phe(B25)-CH—Phe-

(B25) -CH; correlations gave rise to severe violations when k ' I I
"IIl

included as intramonomeric NOES.

The presence of two independent sets of connectivities 5 ¢
reveals the fact that the aromatic ring of Phe(B25) exists in %, e e s a0 s o wn o s
two conformations: one in which the aromatic ring of Phe- SEQUENCE RESIDUE NUMBER
(B25) points toward the other residues within the same Fgure 4: Distribution of the NOE connectivities used in the
monomer and one in which it is turned away from these structure calculation of the monomer within the phenol-stabilized
residues and points outward from the molecule. These Re hexamers of human insulin. The filled, hatched, and open bars
orientations closely resemble the orientations of the Phe-ePresent intraresidual, sequential, and inter-residual NOEs, re-

L . spectively. All sequential and inter-residual NOEs are represented
(B25) phenyl ring in molecule 1 and molecule 2, respectively, twice, once for each of the two involved residues.
of the crystal structure of native insulin (Blundell et al., 1972;
Peking Insulin Structure Research Group, 1971). Here, thesimilar line widths as was also observed by Jacoby et al.
same designations are adopted for the two conformations of(1996). Furthermore, the Phe(Bdkross-peak in Figure 2a
the monomers within thedhexamer, even though the other splits into two signals with differentH frequencies, while
minor structural variations between molecule 1 and molecule the line widths decrease with increasing temperature. Both
2, which are found in the gfcrystal structure (Chothia et of these observations indicate a structural inhomogeneity also
al., 1983), could not be observed in thedelution hexamer  in this part of the molecule, although no indication of
within the experimental uncertainties. independent spin systems corresponding to the two Phe(B1)

Also for the Z-proton of Phe(B24), two signals are e-resonances was found in thid NMR spectra.
observed in the HSQC spectrum. While these signals are (c) Quality of the Calculated StructuresThe structures
well-separated, both of them are correlated to the same, andf the initial monomers were obtained from 665 intramo-
only, e-resonance in the HSQC-TOCSY spectrum. This nomeric NOE distance restraints and the three constraints
difference in multiplicity of thel- ande-resonances of Phe-  imposed by the disulfide bridges. The NOE restraints are
(B24) is in agreement with the obtained solution structures as follows: 216 intraresidual restraints, 112 sequential
of the hexamers:{de infra), which indicate that the two restraints, and 337 inter-residual restraints. The distribution
conformations of Phe(B25) give rise to a considerably larger of NOEs is shown in Figure 4. Among the intramonomeric
difference in the environment for thizproton of Phe(B24) NOEs, a total of 480 were found to be nonredundant by the
than for thee-proton of Phe(B24). It should be noted that structure calculation program DIANA (Gitert et al., 1991).
the double signals observed here for the Phe(B24) and Phe- Two hexamers were calculatede. the structure of a
(B25) residues still remain at 330 K. This indicates that both symmetric hexamer consisting of six monomers with the
conformations exist at this elevated temperature, in contrastmolecule 1 conformation and a nonsymmetric hexamer
with the observations reported by Jacoby et al. (1996). consisting of five molecule 1 monomers and one molecule

Another interesting observation is the difference between 2 monomer. A total of 4394 and 4391 distance restraints
the intensities of théH—3C signals (Figure 2a) correspond- were included in these calculations, respectively. Primarily,
ing to the molecule 1 and molecule 2 conformation, these restraints include the intramonomeric restraints for each
respectively, which shows that molecule 1 is the dominant of the six monomers and the restraints that define the two
conformation, as in thedrystal structure (Smith & Dodson,  different orientations of the Phe(B25) ringe. five intra-
1992). Thus, at 310 K, the population of the molecule 2 monomeric restraints for each of the molecule 1 monomers
conformation (minor conformation) was found to be 181  and two intermonomeric restraints for the molecule 2
2.7 and 11.9+ 3.2%, respectively, of that of the molecule monomer. Further, the organization of the six insulin
1 conformation (major conformation), according to the monomers and the six phenol molecules in thehBxamer
intensities of the twd@-cross-peaks of Phe(B25) and the two was defined by 23 intermonomeric NOEs across the dimer
g-cross-peaks of Phe(B24) in thid—3C-correlated HSQC  interface and nine NOEs across the trimer interface for each
spectra (Figure 2a). The intensities were determined asmonomer and by 25 NOEs between each phenol molecule

| |'
b
Tl
l _
B.

30

described for the NOE cross-peakdde suprd. A similar and three different monomers in the hexamer. These
determination of the relative populations of molecule 1 and intermolecular NOEs are summarized in Figure 5, together
molecule 2 on the basis of the intensities of the tagross- with the NOEs that define the two different orientations of

peaks of Phe(B25) in Figure 2a was too uncertain becausethe Phe(B25) ring. Finally, the intermonomeric hydrogen
of severe overlap of the two signals. The different popula- bonds involving Phe(B24) and Tyr(B26) were included in
tions of the two conformations also explain why relayed the calculation of the Rhexamer, while the Zn coordination
signals correlating the-protons with thed- and ¢-protons was defined by eight distance restraints (see Experimental
of Phe(B25) are observed only for molecule 1 (Figure 2b). Procedures).

It is also interesting that both the and theg-signals of The convergence of the structure calculations appears in
Phe(B1) are relatively broad, even though most of the signalsTable 1 and Figures 6 and 7. Thus, the rms deviation of the
from the carbon-bound protons in the; Rexamer have 10 structures from the mean structure is given in Table 1
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Ficure 5: Intermolecular NOE contacts and NOE contacts associated with the two different orientations of the phenyl ring of Phe(B25)
in the phenol-stabilized Fhexamers of human insulin. Several of the contacts correspond to more than one NOE connectivity between the
indicated residues (see the text and Supporting Information). Below the diagat)ahtérmonomeric contacts across the dimer interface,

(O) intermonomeric contacts across the trimer interface, adr(termonomeric contacts observed only for Phe(B25) in molecule 2 (spin
system B25. Above the diagonal: %) intramonomeric contacts observed only for Phe(B25) in molecule 1 (spin system B25). On the
diagonal: ) contacts between insulin and phenol.

Table 1: Average rms Deviatioh§Angstroms) between the Final
Structures and the Mean Structures of theHexamer of Insulin in
Solution

all all helix helix
molecule atom$ backbone atom$ backbong
hexamer (nonsymmetric) 1.17 0.81 1.13 0.77
hexamer (symmetric) 1.19 0.81 1.16 0.78
molecule ¥ 1.25 0.58 1.28 0.49
molecule 2 1.22 0.57 1.24 0.49
a Fitting was done on the complete hexamer molecules and on the

individual monomers within the hexamers, respectiveRitting was

done on all heavy atoms, including the Zn atoms, the phenol and water ¢
molecule atoms, and on all N, £and C backbone atoms, respectively.
Residues A1, A21, B1, B2, and B30 were excluded from the rms

deviation calculationss Fitting was done on all heavy atoms and on FIGURE 6: Average residual rms deviations (Angstroms) from the
all N, C,, and C backbone atoms from the helix region. The helix Mean of the 10 nonsymmetric hexamer structures. The values shown

L L L . L L D ON POV
AT A A0 M5 ANBI B B0 BIS B0 BS  BX% " pme W

SEQUENCE RESIDUE NUMBER

region included residues A2A8, A13—A20, and B3-B19. ¢ Within are averages from the s_ix monomers within the hexamer. Also
the precission of the numbers given here, the same value was foundshown are the rms deviations for the two Zn atoms, the six phenol
for all the molecule 1 monomers. molecules and the two water moleculex) (values for the side

chain atoms and€) values for the N, G and G _backbone atoms.

for both of the two hexamers and for the two monomers ) )

(molecule 1 and molecule 2). The average rms deviationsthe 20 final structures of the symmetric as well as the
from the mean structure are shown in Figure 6 for each of NONSymmetric hexamer is shown in Figure 7.

the individual residues in the monomer, as well as for the  The good agreement between the calculated structures and
Zn atoms, the phenol molecules, and the water molecules.the experimental data is illustrated by the statistics in Table
For most of the residues, there is a clear correlation between2. No NOE violations larger than 0.15 A were observed in
the number of medium-range and long-range NOEs and theirany of the 20 final hexamer structures. The solution
rms deviations. A best fit superposition of the backbone of structures of the two monomers within the nonsymmetric
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B-sheet hydrogen bonding across the dimer interface. The
remaining two residues, lle(A10) and Ser(A12), are buried
in the hexamer, which could explain the slow exchange of
their amide protons.

General Description of the Solution Structure

(a) Monomer. Apart from the different orientations of the
phenyl ring of Phe(B25), the structures of two different
monomers (molecule 1 and molecule 2) in thehi@xamer
are very similar. Thus, the rms deviation between the N,
C', and G backbone atoms of the average molecule 1 and
the molecule 2 within the average nonsymmetric hexamer
is only 0.04 A.

The most conspicuous structural feature of the monomer
in the R state as compared with monomers in the T state is
the extendeda-helix of the B-chain (Figure 8), which
stretches from Asn(B3) to Cys(B19) in the monomer of the
Rs solution hexamer, while it only includes the residues from
Gly(B8) to Cys(B19) in the corresponding T state monomers
Ficure 7: Best fit superposition of the 20 selected solution (jgrgensen et al., 1992, 1996). Otherwise, the monomers

structures of the Rhexamers of human insuling. 10 structures . . .
of the nonsymmetric hexamer and 10 structures of the symmetric in the R, hexamer are structurally similar to those found in

hexamer. Only the CC,, and N backbone atoms are superimposed, Other insulin monomers. Thus, the A-chain contains two
and two amino acid residues in each chain terminal were excludedantiparallel helices, an N-terminal,Aelix from lle(A2) to
from the superposition. The backbone atoms are shown togetherThr(A8) and a C-terminal frhelix from Leu(A13) to Cys-

with the aromatic rings of Phe(B25) (orange) and their different (A20), connected by a loop from Ser(A9) to Ser(A12). The

orientations, the imidazole rings of His(B10) (yellow), the Zn atoms . . .
(blue), and the phenol molecules (purple). The C terminus of the Ar-helix is ana-helix, whereas the fhelix has bottu- and

B-chain [Lys(B29) and Thr(B30)] and the two water molecules were 3i-helix character. The-helix of the B-chain is succeeded
excluded from the figure. by a g-turn from Gly(B20) to Gly(B23). The N and C

termini of the B-chain, Phe(B1)-Val(B2) and Thr(B30),

hexamer are shown in panels a and b of Figure 8 togetherrespectively, are both disordered. The C-terminal region of
with the closest phenol molecule, while the structure of the the B-chain from Phe(B24) to Pro(B28) forms an extended
nonsymmetric hexamer is sketched in Figure 9. structure and is involved in thg-sheet across the dimer

Finally, it should be noted that calculations of the hexamer interface. Thetrans conformation of the peptide bond to
structures without the Zn atoms and water molecules resultedPro(B28) is stabilized by the packing in the molecule. No
in overall structures similar to those obtained with these indication of acis conformation of this peptide bond was
atoms and molecules included, the rms deviation betweenfound. The secondary structures obtained in the calculations
the average structures in the two cases being only 0.67 A.are supported by the sequential and short-range NOEs
This shows that there is no conflict between the solution summarized in Figure 3. Finally, the patterns of #hg,
structure of the peptide chain defined by the NMR data and and**C, CSI (Wishart & Sykes, 1994), also shown in Figure
the Zn coordination found in the crystal structure and 3, are by and large in agreement with the calculated
indicates that the coordination of the Zn atoms is similar in structures.

the two phases. (b) Rs Hexamer The calculated hexamer structures show
that the helix and the C-terminal end of the B-chain of one
DISCUSSION monomer pack closely against the same regions of the other

monomer in the dimer interface. Primarily, the two mono-
mers are held together by favorable hydrophobic interactions
Although the exchange rates of the amide protons are and a smalB-sheet with hydrogen bonds between Phe(B24)
expected to be relatively fast under the applied experimentaland Tyr(B26), as in the Asp(B9) insulin dimer (Jgrgensen
conditions (pH 8.6-8.1, 310 K), 21 slowly exchanging amide ~€tal., 1992). However, the packing along the dimer interface
protons were observed (Figure 3) in the NOESY spectrum is considerably tighter here than in the free Asp(B9) dimer,
recorded during the first 22 h after dissolution i@ as shown by the larger number of dimer contacts. Thus,
Among these amide protons, 16 participate in hydrogen the 12 different residues, which are involved in the inter-
bonds in the helices. These are the amide protons of Gln-monomeric contacts across the dimer interface (Figure 5) in
(A5), Cys(A6), Cys(A7), Thr(A8), Glu(A17), Asn(A18), and the Rs hexamer, have a total of 23 NOE contactsdé
Cys(A20) in the A-chain and the amide protons of the suprg, whereas the corresponding numbers in the Asp(B9)
residues from Leu(B11) through Cys(B19) in the B-chain. dimer are only six contacts and eight residues. Among the
Furthermore, the slowly exchanging amide protons of Cys- dimer contacts in the &hexamer, the NOEs between His-
(A11), Phe(B24), and Tyr(B26) are involved in tertiary (B5) and Tyr(B16) are unique for th& configuration
hydrogen bonds according to the calculated structures. Thus@ccording to the crystal structure, as previously pointed out
the amide proton of Cys(All) is hydrogen-bound to the by Brzovicet al. (1994).
hydroxyl oxygen of the phenol molecule, while the amide  The NMR data and the structure calculations show that
protons of Phe(B24) and Tyr(B26) are both involved in the the hexamers contain one phenol molecule per monomer.

Slowly Exchanging Amide Protons and Hydrogen Bonds
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Table 2: Structural Statistics

hexamer hexamer
(nonsymmetric) (symmetric)
rms Deviations from NOE Restraints and from the Idealized Geometry Used within X-PLOR
NOE (A) 0.0101 (0.0012) 0.0103 (0.0012)
bond lengths (A) 0.0149 (0.0004) 0.0149 (0.0004)
bond angles (deg) 0.449 (0.05) 0.441 (0.04)
improper dihedral angles (deg) 0.218 (0.004) 0.218 (0.003)
X-PLOR Potential Energies (kcal md)2
total 277.334 (11.4) 277.021 (11.3)
repel 7.313 (2.4) 7.358 (1.5)
Lennard-Jonés —926.052 (55.1) —953.981 (53.0)
NOE restraints 22.561 (5.4) 22.393 (5.1)
NCS 45.567 (10.0) 45.577 (8.7)

aThe force constant of the NOE and van der Waals repulsion terms were 50 kcalAtéland 4 kcal mot® A—4, respectively? CHARMM
potential (Brooks et al., 1983) used for van der Waals energy calculation.

Ficure 8: Solution structures of the monomers in the nonsymmetgicdRamer of human insulin and the associated phenol molecule: (a)
molecule 1 and (b) molecule 2. The structures shown are the molecule 2 and one of the molecule 1 monomers within the nonsymmetric
hexamer with the lowest total energy. Only backbone atoms and the aromatic ring of Phe(B25) are shown.

The phenol molecule occupies a well-defined position in the ing amide proton of Cys(A1l) was found in 11 of the 20
trimer interface, as shown in Figure 10. Primarily, the phenol calculated structures, while a hydrogen bond between the
molecule is bound to insulin through hydrophobic interac- hydroxyl proton of phenol and the carbonyl oxygen of Cys-
tions, as inferred from the observed NOE contacts between(A6) was found in four of the 20 calculated structures.
the phenol molecules and a series of hydrophobic residuesfurther, the extreme upfield chemical shift of theroton

and predominantly to the side chains of these residues. Thuspf His(B5) is in agreement with the position of the phenol
NOEs are observed between phenol and Cys(A6), Cys(A7), molecule just below this proton and perpendicular to the His-
lle(A10), Cys(A1l), Leu(Al16), Leu(B11), and Ala(B14) in (B5) imidazole ring (Figure 10).

one monomer, His(B5) and Leu(B6) in another monomer, In general, the solution structure of the Rexamer is
and Leu(B17) in a third monomer. Also, a hydrogen bond highly symmetric, as indicated by the unique set of reso-
between the oxygen atom of phenol and the slowly exchang-nances for each residue, except for Phe(B25) and Phe(B24).



Solution Structure of the RInsulin Hexamer

FIGURE 9: Schematic representation of the nonsymmetric R

hexamer of human insulin, containing five monomers with the
molecule 1 conformation and one monomer with the molecule 2
conformation (upper right). The disordered C terminus of the
B-chain [Lys(B29) and Thr(B30)] was excluded. Side chains are
shown only for the Phe(B25) residues (black) and the His(B10)
residues (light gray) bound to the two Zn atoms (white). The six
phenol molecules in the trimer interfaces are also shown (gray).
The figure was prepared using MOLSCRIPT (Kraulis, 1991).

However, the two different orientations of the side chain of
Phe(B25) result in nonsymmetric as well as symmetric

Biochemistry, Vol. 36, No. 31, 1998419

it is also interesting that a molecular dynamics study of
insulin in water (Mark et al., 1991) indicated a nonsymmetric
dimer (one molecule 1 and one molecule 2), in qualitative
agreement with the structure obtained here. On the other
hand, other minor differences between the two conformations
that are found in the crystal structuies. primarily a change

in the orientation of the two A-chain helices (Chothia et al.,
1983), are not observed in solution and could, therefore,
result from the crystal packing.

(c) Rigidity of the Hexamer.In general, the solution
structure of the Rinsulin hexamer is rigid and compact.
First of all, this is indicated by the large number of dimer
and trimer contacts, by the hydrogen bonds and hydrophobic
interactions in the calculated hexamer structures, and by the
relatively large number of slowly exchanging amide protons,
all features that are observed here at the applied pH values
(8.0-8.1). Further, the fact that the line widths of the NMR
signals are similar in all regions of the molecule and have
the size expected for a 36 kDa molecule is indicative of a
rigid structure. The similarity in line width also includes
the proton signals that are broadened in the Asp(B9) dimer
(Kristensen et al., 1991), as for example the residues near
the disulfide bonds Cys(A6)Cys(All) and Cys(A#Cys-
(B7). On the other hand, the packing in the trimer interface
region seems somewhat looser than that in the dimer
interface, as indicated by a correspondingly smaller number
of observed NOE contacts across the trimer interface (Figure
5).

The low NOE-violation energy (Table 2) is also in
accordance with a rigid hexamer structure. Thus, all the

hexamers. According to the ratio of about 10:1 between NOE restraints are easily fulfilled by a single structure,
molecule 1 and molecule 2, it is unlikely that the nonsym- ingicating a minimal time averaging of the distances. Again,
metric hexamers contain more than one monomer with the yhjs is in agreement with a back-calculation of the NOESY
molecule 2 conformation. As shown in Figure 9, the side spectrum of the Rhexamer (Jacoby et al., 1996), which
chain of one of the Phe(B25) residues in the nonsymmetric rggyjted in a number of predicted NOEs similar to that
hexamer is turned outward from the monomer and points gpserved experimentally. In contrast, a back-calculation of
across the dimer interface (molecule 2 conformation), ine NOESY spectrum of a monomeric insulin (Weiss et al.,
whereas the Phe(B25) rings in the other monomers are turnedlggl; Hua et al., 1993a) resulted in a number of predicted
inward (m_olecule 1 conformation) and make van der Waals NOEs considerably larger than the experimental number.
contact with the Tyr(A19) of the same monomer. _ This indicates a much looser structure of the free monomer
The presence of both a symmetric and a nonsymmetric gng |ed to the suggestion that the functional form of

hexamer is in qualitative agreement with the crystal structure yonomeric insulin is a molten globule (Hua et al., 1993a).
(Smith & Dodson, 1992), although the fraction of the

molecule 1 conformation is somewhat larger in the solution Comparison with the Crystal Structure
hexamer than in the crystal hexamer. The low ratio of

molecule 2 is immediately surprising, considering the es-

The overall agreement between insulin monomers in the

sentially identical energies of these two hexamers (Table 2) different phases and states of aggregation is shown in Figure

and the negligible effect of the orientation of the Phe(B25)
phenyl ring on the bulk of the structure. However, the
difference in population could result from a subtle difference
in the local energy of the region around Phe(B25), which is
significant for this region but lies within the uncertainties
of the total energies calculated here. In support of this,
energy minimization calculations indicated (Wodak, 1984)
that the molecule 1 conformation is energetically most
favorable in the absence of crystal packing forces. Also,
molecule 1 is the conformation most commonly found in
insulin crystal forms and is totally dominating in the cubic
crystal form of insulin (Derewenda et al., 1990).

However, the interesting point here is that the molecule 2
conformationis present in solution, since it shows that this
conformation is not a result of the crystal packing forces, as
suggested previously (Chothia et al., 1983). In this context,

11, where the structure of the molecule 1 monomer in the
solution R hexamer is compared with the corresponding
monomer in the crystal hexamer and with the monomers in
the solution structures of the dimeric Asp(B9) insulin
(Jorgensen et al., 1992) and the monomeric His(B16) insulin
(Ludvigsen et al., 1994). As it appears from Figure 11, the
monomers in the solution and crystal hexamers are very
similar. Not only are the same secondary structure elements
present in the two structures; the relative orientations of these
elements and the tertiary fold in general are almost identical.
The largest difference between the monomers in the two
Re hexamers is the structure of the N-terminal end of the
B-chain, which is disordered in solution but part of the
extendedo-helix in the crystal phase. Thus, while the
B-chaina-helix in the R crystal hexamer stretches continu-
ously from Cys(B19) to Phe(B1) (Derewenda et al., 1989),
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Ficure 10: Position of the phenol molecule in the trimer interface of te&&amer of human insulin. The two hydrogen bonds observed
between phenol and Cys(A6) and Cys(All) are indicated by dotted lines. The letters B, F, and H are used to distinguish between the
B-chains in different monomers.

the environment. This explanation was also given for a
similar shortening of the extended B-chairhelices (B3-

B19), which was observed in the crystal structures of the
T3R3; hexamers of human insulin (Ciszak & Smith, 1994)
and Ly$%Prd??°insulin (Ciszak et al., 1995) and was dubbed

a “frayed” o-helix conformation or an Reonformation. Also

in these cases, the conformational differences, as compared
to the crystal structure of the ¢Rnsulin hexamer, were
attributed to the different environments, here the crystal
packing, of the N-terminal end of the B-chain.

Significance of the Phe(B25) Orientation

The orientation of the phenyl ring of Phe(B25) plays an
important role in the insulinreceptor interaction. Thus,
studies of a series of carefully designed insulin mutants
Ficure 11: Comparison of the molecule 1 within the solution (Nakagawa & Tager, 1986; Mirmira & Tager, 1991) showed
structure of the Rhexamer of human insulin (light gray) with the  that the phenyl ring of Phe(B25) is critical for the biological
molecule 1 in the crystal structure of thg Rexamer (orange) and activity of insulin, and it was suggested that Phe(B25) is a

with the solution structures of the monomer in the Asp(B9) insulin f . : . .
mutant (yellow) and the monomeric His(B16) insulin mutant potential primary contact between insulin and its receptor.

(green). The Asp(B9) and the His(B16) solution structures are Further, it was suggested that, following initial binding of
represented by the structure with the lowest total energy, and thethe Phe(B25) side chain to a specific hydrophobic pocket in
T%?ﬂ?}ﬂgfsin%hrﬁgngxﬁggﬁz ﬁevp\)/?‘?hsiﬂéeclio?/alege ;a/:rragegﬂnﬁlefﬁée the receptor, concerted conformational changes take place
backbone _)e/ttoms are superimposed, except for thegryesidugs fron}'rr: the insulin a.nd the receptor._ For the msuhn moIecuI_e,
B1 to B8 in Asp(B9) and His(B16). The two chains are shown 1€S€ changes include a separation of the B-chain C-terminal
separately in panels a and b. region from the N-terminal end of the A-chain (Mirmira &
Tager, 1989; Derewenda et al., 1991). This leads to a
the extended B-chain-helix in the R solution hexamer only ~ secondary binding event which involves other areas of the
includes the residues from Cys(B19) through Asn(B3) insulin monomer, resulting in full biological activity of the
(Figures 7 and 8). This result is surprising in light of the insulin molecule and formation of the insuimeceptor
provisional protomer structure reported by Jacoby et al. complex.
(1996), where the extension of the B-chain also includes Val-  In light of this model for the insulirreceptor interaction,
(B2) and Phe(B1), as in the crystal structure. Nevertheless,the observation here of the molecule 2 conformation in
careful inspection of the 3D TOCSY-NOESY spectrum and solution is interesting since this, most likely, is the confor-
the 750 MHz WATERGATE NOESY spectrumife supra mation that interacts with the receptor (Nakagawa & Tager,
did not reveal any NOE connectivities, including the helical 1986; Mirmira & Tager, 1991). Thus, the outward orienta-
dugs(i,i+3) NOE between Val(B2) and His(B5) reported by tion of the Phe(B25) phenyl ring in the insulin monomer
Jacoby et al. (1996), which would suggest an extension of exposes the ring to the solvent and makes it accessible to
the B-chain helix beyond Asn(B3). This holds despite the the receptor.
fact that the part of the NOESY spectrum, which covers the  Nevertheless, the solution structures of the monomeric His-
region where these NOEs should be found, is not particularly (B16) (Ludvigsen et al., 1994) and des(B2830) (DPI)
crowded. Therefore, the results of the present study are(Knegtel et al., 1991) insulin mutants in water exist only in
compatible only with a B-chain helix from Cys(B19) to Asn-  the molecule 1 conformation, probably because the phenyl
(B3). ring in this conformation makes a hydrophobic contact to
The different conformations of the N-terminal end of the the rest of the molecule, to form a more hydrophilic surface
B-chain in the two phases could be a consequence of theof the monomer. However, in hydrophobic environments,
different environments it experiences in these phases. Thusthe monomer can take the molecule 2 conformation in
the N-terminal end of the B-chain is located on the surface solution. This is clearly demonstrated here by the observa-
of the R; hexamer, which makes it sensitive to changes in tion of this conformation in the &solution hexamer, where
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phobic contact with the other monomer.

Furthermore, in hydrophobic environments, the monomer SUPPORTING INFORMATION AVAILABLE
can easily exchange between molecule 1 and molecule 2 Tables containing théH and'3C chemical shifts of the
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