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Abstract

The structure of a symmetric T;R} insulin hexamer, complexed with 4-hydroxybenzamide, has been determined
using X-ray crystallographic techniques. Data were measured from six crystals grown in microgravity to a reso-
lution of 1.4 A and the structure has been refined including the contributions from hydrogen atoms. The crystals
are isomorphous with T;R% complexes of phenolic derivatives as well as with uncomplexed forms. Unlike the
structures of complexes with phenol, m-cresol, resorcinol, 4’-hydroxyacetanilide, and methylparaben, which bind
one phenolic derivative molecule per R- or R'-state monomer, two molecules of 4-hydroxybenzamide are bound
by each R'-state monomer. The presence of the second guest molecule results in an extensive hydrogen bonding
network, mediated by water molecules, between the T- and R'-state trimers and adds stability to the formation
of the hexamer. The only access to these second sites is through three symmetry-related, narrow channels that orig-
inate on the surface of the T-state trimer. Although the conformation of the backbone atoms of the monomers
is nearly identical to that of other TR hexamers, significant changes are observed in the conformations of side
chains in the vicinity of the second binding site. The side chain of the T-state A11 Cys residue, which forms a di-
sulfide bond to A6 Cys in the same monomer, is observed in two discrete conformations; two discrete conforma-
tions are also present for the entire A8 Thr residue in the Rf-state monomer. A procedure is also described for
an alternate method of interframe scaling and merging intensity data from an image plate detector.
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In recent years, the insulin molecule, which consists of a
21-residue A-chain and a 30-residue B-chain linked by two di-
sulfide bridges, has been shown to be an allosteric protein by
both spectroscopic (Kaarsholm et al., 1989; Kriiger et al., 1990;
Choi et al., 1993; Brzovic et al., 1994; Bloom et al., 1995) and
crystallographic techniques (Smith et al., 1984; Baker et al.,
1988; Derewenda et al., 1989; Smith & Dodson, 1992; Ciszak
& Smith, 1994; Smith & Ciszak, 1994; Whittingham et al., 1995).
The presence of certain ions or molecules, such as chloride, thio-
cyanate, or phenolic derivatives, produces a conformational
change from extended to «-helical in the first eight residues of
the B-chain. In order to distinguish these different conforma-
tions, the T and R nomenclature has been used to describe an
extended or a-helical conformation, respectively, of the B-chain
(Kaarsholm et al., 1989). Thus, the insulin hexamer previously
referred to as “2-zinc insulin” (Baker et al., 1988) is designated
as Tq, whereas the conformation observed in the presence of
phenol is R¢ (Derewenda et al., 1989; Smith & Dodson, 1992).

Reprint requests to: G. David Smith, Hauptman-Woodward Medi-
cal Research Institute, Inc., 73 High Street, Buffalo, New York 14203,
USA; e-mail: smith@hwi.buffalo.edu.

A third conformation has also been observed for which residues
B4-B19 are «-helical, with B1-B3 extended, and this conforma-
tion has been designated R' (Ciszak et al. 1995), resulting in a
T,R} hexamer. In the T conformation, a central a-helical re-
gion, B9-B19, connects the extended N- and C-terminal seg-
ments, whereas the A-chain conformation consists of N- and
C-terminal «-helices connected by a short segment with an ex-
tended conformation. Although the major conformational
change resulting from the T — R transition produces a displace-
ment of the Bl Phe residue by more than 30 A, smaller displace-
ments are also observed in other portions of the B-chain as well
as a rotation of the N-terminal a-helix of the A-chain.

In the presence of chloride or thiocyanate ion, the T — R con-
formational transition is induced in only three monomers, re-
sulting in a threefold symmetric T;RS hexamer (Smith et al.,
1984; Ciszak & Smith, 1994; Whittingham et al., 1995). Because
of the conformational change of the B-chain, an elliptical cav-
ity is generated between two TR dimers in the hexamer and is
occupied by water molecules; prior to the T — R transition, this
site was occupied by a T-state B6 Leu side chain. Spectroscopic
and crystallographic studies have shown that inorganic anions
alone are incapable of driving the T — R transition to comple-
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tion to produce an Rg hexamer. However, in the presence of an
excess of phenol, an R4 hexamer is produced and crystallo-
graphic studies have shown that each of the six elliptical cavi-
ties is occupied by a single phenol molecule (Derewenda et al.,
1989; Smith & Dodson, 1992). Additional spectroscopic and
crystallographic studies have shown that m-cresol or resorcinol
are also capable of driving the T — R transition to completion
(Kriiger et al., 1990; Ciszak & Smith, 1992; Choi et al., 1993;
Bloom et al., 1995).

However, not all phenolic derivatives bind to all six mono-
mers to form an Rg hexamer. Larger phenolic derivatives such
as methylparaben (Whittingham et al., 1995) and 4’-hydroxy-
acetanilide (Smith & Ciszak, 1994) generate a T;R{ symmetric
hexamer with one phenolic derivative bound by each R'-state
monomer. Although it is possible that the low solubility of these
compounds is the limiting factor, spectroscopic studies suggest
a negative cooperative effect to be responsible. The binding of
phenolic derivatives to three monomers in a trimer is positively
cooperative, but the two positively cooperative trimers have been
shown to be related by negative cooperativity (Kriiger et al.,
1990; Brzovic et al., 1994; Bloom et al., 1995). The results from
crystallographic studies of complexes of insulin with phenol have
shown that the phenolic binding site can accommodate consid-
erably larger molecules and it has been noted that a hydrogen
bonded network of water molecules extends along a channel that
originates near the center of the hexamer toward the guest mol-
ecule. However, to date, only water molecules have been found
to occupy this secondary site. Spectroscopic studies have also
identified 4-hydroxybenzamide and 2,7-dihydroxynaphthalene
as additional guest molecules that can bind in the phenolic site
and induce the T — R transition to produce an Rq hexamer
(Choi et al., 1993; Bloom et al., 1995).

Reported here is the crystal structure of a T;Rf insulin hex-
amer that binds six molecules of 4-hydroxybenzamide, two mol-
ecules by each Rf-state monomer. This structure provides the
first example of an insulin hexamer that binds a phenolic deriv-
ative in the secondary phenolic binding site. One cysteine resi-
due (A11) that participates in the intrachain disulfide link in
the T-state monomer is observed to be disordered, as is a resi-
due in the A6-A11 loop in the Rf-state monomer, providing
further evidence that this loop possesses considerable flexibil-
ity. Due to an extensive hydrogen bonding network involving
both 4-hydroxybenzamide molecules, additional stability is af-
forded to the entire T;R} hexamer and provides an accurate
model for further studies involving other phenolic derivatives.
The identification of reagents that are more efficient at induc-
ing the T — R transition could ultimately result in insulin prep-
arations with greater stability and slower dissociation rates to
the biologically relevant monomer, providing benefits to the
diabetic.

Results

Hexamer and dimer stabilization

The asymmetric unit consists of a TR insulin dimer and is
shown in Figure 1. The three identical dimers that make up the
hexamer are related by the crystallographic threefold axis. The
two independent zinc ions lie on the crystallographic threefold
axis, where they are coordinated by a threefold symmetric
T- or Rf-state trimer through the B10 His side chains (Zn-N<
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Fig. 1. The TR human insulin dimer, represented as a ribbon draw-
ing (Evans, 1993). The R'-state monomer is on the left side of the draw-
ing. A-chains are colored red; B-chains and zinc ions are blue; the
chloride ion, disulfide bonds, B10 His, and B13 Glu side chains are yel-
low; and the two 4-hydroxybenzamide molecules are pink.

unrestrained bond distances of 2.09 and 2.04 A for the T- and
R'-state monomers, respectively) and add considerable stabil-
ity to the organization of the hexamer. The octahedral coordi-
nation sphere of the T-state zinc ion is completed by three water
molecules (Zn-O, 2.27 A); the Rf-state zinc ion is tetrahedral,
and, because the electron density of the fourth coordination site
was more than twice that of the B10 His side chain and half that
of the zinc, it was assigned as a chloride ion (Zn-Cl, 2.13 A).
The final electron density maps provided no indication of mixed
coordination of the T-state zinc ion, as was observed for the un-
complexed T3R§ hexamer (Ciszak & Smith, 1994).

Residues B24-B26 of each monomer in the dimer form a short
antiparallel 3-pleated sheet and four hydrogen bonds between
these strands contribute to dimer stability and are comparable
to other native TR human insulin dimers. Another hydrogen
bonded interaction that contributes to dimer stability is the do-
nation of a proton by the hydroxy group of B9.2 Ser? to the
carboxyl of B13.1 Glu (O7-O¢', 2.92 A). As a result of the TR
transition, the B5.2 His residue is displaced by approximately
12 A and its carbonyl oxygen is now able to accept a proton from
the hydroxy group of B16.1 Tyr (O7-O, 2.63 A). As observed
in other T3R§ insulin hexamers (Ciszak & Smith, 1994; Smith
& Ciszak, 1994; Ciszak et al., 1995), the first three residues of
the N-terminus of the R-state B-chain adopt an extended or Rf
conformation. This places the carbonyl oxygen of the B3.2 Asn
side chain in a position where it can accept the a-helical hydro-
gen bonds from the amino nitrogens of both B5.2 His (3.03 A)
and B6.2 Leu (3.12 A).

3The 1 or 2 in the decimal portion of the chain name and residue
number refers to the T-state or R'-state monomer, respectively.
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Guest molecule

Unlike all known T3R{ or R hexameric insulins that bind only
one guest molecule per R- or Rf-state monomer, two molecules
of 4-hydroxybenzamide are bound by each R'-state monomer.
The first molecule is located in the primary binding site (bind-
ing site I), where its hydroxy group donates a hydrogen to the
carbonyl oxygen of A6.2 Cys (2.67 A) and accepts a proton from
the nitrogen of A11.2 Cys (2.92 A) in a manner nearly identi-
cal to that observed for phenol (Derewenda et al., 1989; Smith
& Dodson, 1992; Whittingham et al., 1995), m-cresol, resorcinol
(Ciszak & Smith, 1992), 4’-hydroxyacetanilide (Smith & Ciszak,
1994), and methylparaben (Whittingham et al., 1995). The am-
ide nitrogen of the guest molecule donates a proton to a water
molecule (O4), which in turn forms hydrogen bonds to the car-
bonyl oxygen and a carboxyl oxygen of B13.1 Glu (a T-state
monomer) in the adjacent insulin dimer. The dihedral angle be-
tween the phenyl ring and the amide group is 19.0°, as compared
to 14.6° observed in the small molecule structure of 4-hydroxy-
benzamide (Kashino et al., 1991). The second 4-hydroxybenzamide
molecule, with a dihedral angle of 35.4°, occupies binding site
II. The hydroxy group of the second guest molecule donates a
proton to the carbonyl oxygen of the first guest molecule while
accepting a proton from N®' of B10.2 His. A second water
molecule (033) is within hydrogen bonding distance of both the
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carbonyl oxygen and the amide nitrogen of the guest molecule
in site II, and, at the same time, accepts and donates a proton
to the carbonyl oxygen and N?! of B10.1 His, respectively, in
an adjacent dimer. Thus, the two guest molecules are involved
in an extensive hydrogen bonding pattern between pairs of di-
mers of the hexamer and two water molecules, illustrated in Fig-
ure 2.

The interior surface of the phenolic binding site can be rep-
resented as three groups of residues: (1) those that are associ-
ated with only site I; (2) those that lie at the interface of the two
sites (1/11); and (3) those that are only associated with site IT (Ta-
ble 1). For those hexameric insulin complexes that bind only one
phenolic derivative per monomer, sites I and 1/1I define the phe-
nolic binding site, whereas site 11 contains only water molecules.
The binding site, illustrated in Figure 3, is constructed from res-
idues from four different chains and can be approximated as a
cylinder. The top of the cylinder is composed of main-chain
atoms in the A6.2-A11.2 loop, as well as the side chain of A16.2
Leu. The central and bottom portions of the cylinder contain
residues from segments of the a-helical region of one T-state and
two symmetry-related R -state B-chains. Two narrow channels
provide access to binding site I from the surface of the hexamer.
The first has a diameter of approximately 3 A and is bounded
on the top by the A8.2-A10.2 loop and on the bottom by B3.4
and B5.4. The entrance to the second channel is between the

A206CYS

B210HIS

Fig. 2. Stereo pair showing 1.5¢ electron density around the pair of 4-hydroxybenzamide molecules in the phenolic binding sites.
The 4-hydroxybenzamide molecule in the upper portion of the illustration resides in binding site I, and the second guest mol-
ecule resides in binding site I11. Water molecules and residues participating in hydrogen bonds are also shown. A206Cys, A211Cys
and B210His refer to A6.2 Cys, A11.2 Cys, and B10.2 His, respectively, and B310His and B313Glu refer to B13.1 Glu and B10.1

His of a neighboring dimer.
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Table 1. Identity of the residues that define the interior
surface of the phenolic binding sites®

Site I Site 1/11 Site 11
A6.2 Cys B10.2 His B9.1 Ser
A7.2 Cys B14.2 Ala B13.2 Glu
A9.2 Ser B16.3 Tyr B16.2 Tyr
A10.2 Ile B17.3 Leu B17.2 Leu
All1.2 Cys B9.4 Ser B9.3 Ser
A16.2 Leu B10.3 His
B7.2 Cys B13.3 Glu
B11.2 Leu B13.4 Glu
B5.4 His

B6.4 Leu

3 Residue numbers ending with .3 or .4 are related to the T- and R'-
state monomers, respectively, by symmetry.

A10.2-A13.2 and B17.3 —B21.3 segments and is approximately
3.5 A in diameter. Site II can only be accessed from the Tj side
of the hexamer through channels adjacent to the B10 His resi-
dues that coordinate to the octahedral zinc ion. The entrance
to each of the three channels is bounded on the T; trimer sur-
face by B4 Glu, B6 Leu, and B10 His of one monomer and by
BS His and B16 Tyr in two symmetry-related monomers. These
three channels join under the zinc ion, as shown in Figure 4, to
form a clover-leafed cavity with each lobe separated by a side
chain of B13 Glu.

A comparison of the positions of guest molecules in binding
site I shows considerable variability. A calculation of the dis-
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placements of the carbon atom bound to the hydroxy group in
selected guest molecules to that of the position of 4-hydroxy-
benzamide provides values of 0.51 A for methylparaben (Whit-
tingham et al., 1995), 0.76 A for 4’-hydroxyacetanilide (Smith
& Ciszak, 1994), 0.70 A for phenol (Ciszak et al., 1995), and
1.32 and 1.92 A for the two phenol molecules in the R hexa-
mer (Smith & Dodson, 1992). Although some of these displace-
ments are due to the presence of different functional groups
in the guest molecules, some of the larger apparent differences
may be due to the lower resolution at which the structures were
determined.

Conformational differences— Main chains

Six published TR' dimers were oriented onto the dimer of the
present study by a least-squares procedure minimizing the dis-
placements of the N, C%, and C atoms of residues B10-B19 of
both monomers. Average and RMS displacements of N, C%,
and C for each dimer were calculated and are listed in Table 2,
along with an entry for the “2-zinc” Tg structure. These dis-
placements show that only minor differences exist between the
TR insulin dimers. The larger displacements for Lys®?® ProB2°-
human insulin are a result of small conformational perturbations
resulting from the sequence inversion at the C-terminus of the
B-chain and are discussed in detail in Ciszak et al. (1995). Not
surprisingly, the largest displacements are noted at the N- and
C-termini of both the A- and B-chains in all six dimers, whereas
the smallest displacements are found in the antiparallel 8-pleated
sheet segment, B24-B26. The conformations of individual A- and
B-chains are remarkably similar, in spite of the presence, absence,
or the different size of a guest molecule. This is shown in Table 3,
in which average displacements are tabulated for residues A3-A20

Fig. 3. Stereo plot using Setor (Evans, 1993) of the phenolic binding site along with both 4-hydroxybenzamide molecules. A-chain
fragments are colored red; B-chain fragments are green; disulfide bonds are yellow; tyrosine, histidine, leucine, and alanine side
chains are blue; glutamate and serine side chains are red; and the pair of 4-hydroxybenzamide molecules are white.
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Fig. 4. The bottom portion of binding site II as viewed along the c-axis from the T-state trimer toward the R-state trimer.
The Connolly surface (Connolly, 1983) was constructed from only the protein atoms of the hexamer. The 4-hydroxybenzamide
molecule and B13 Glu residues are labeled as BNZ and Bn13GLU, respectively, where n ranges between 1 and 6 and represents

B13.n Glu.

or B5-B26 in either the T or R' conformations; only those resi-
dues for which the displacements are listed were minimized in the
optimization procedure. The small magnitude of these displace-
ments shows that the binding of two 4-hydroxybenzamide mol-
ecules does not distort the conformation of the A- or B-chain
backbone atoms in either monomer.

Conformational differences— Side chains

A comparison of the observed side-chain conformations of TR'
dimers, with and without phenolic derivatives, reveals a wide
variability for many of the side chains. An examination of side-
chain torsion angles shows considerable differences, but in many
cases, these different conformations still place a functional
group, such as a carboxyl or the terminal methyl groups, in a
leucine or valine, in essentially in the same position. However,
several side chains, in particular the side chains of B5.2 His and
B13.2 Glu, adopt a conformation that is unique to the present

Table 2. Average and RMS displacements (A) for backbone
atoms, N, C,, and C, of the present study from selected
TR/ insulin dimers and the T, (2-zinc insulin) dimer?®

study, a result of the presence of the second 4-hydroxybenzamide
molecule in site II.

The position of the side chain of B5.2 His in the complexed
and uncomplexed T;RS hexamers is found to fall into two
groups. The first group contains the present structure and that
of the complex with methylparaben (Whittingham et al., 1995),
and a displacement of 0.55 A exists between the C¢! atoms of
B5.2 His. The second group consists of the two uncomplexed
forms (Ciszak & Smith, 1994; Whittingham et al., 1995) and
the complexes with phenol (Whittingham et al., 1995) and
4’-hydroxyacetanilide (Smith & Ciszak, 1994), with displace-
ments from C¢! of B5.2 His of 1.44, 1.26, 1.12, and 1.25 A, re-
spectively, from that of the present study. Although one might
expect the complexes with the larger guest molecules (methyl-
paraben, 4’-hydroxyacetanilide, and 4-hydroxybenzamide) to
displace the side chain of B5.2 His from that observed in the un-
complexed forms, 4’-hydroxyacetanilide does not significantly
displace this side chain from the positions observed in the un-
complexed forms. However, in the complex with 4’-hydroxy-
acetanilide, the B5.2 His side chain makes van der Waals
contacts with the side chain of A10.2 Ile, and, in fact, forces

Table 3. Average displacements (A) for N, C* and C for

BIO-BIY  AllResidues  cidues A3-A20 (Ay and Ag) and BS-B26 (By and By)
Complex Avg. RMS Avg. RMS of each monomer from that of the present study?
T, insulin (4ins) 0310 0364 2221 4.601  Complex Ar Ag Br By
TR phenol/KB2PB?. insulin (1lph) 0.177 0.206 0.508 0.839
TR insulin (1trz) 0.129 0.153 0.230 0.404 TR insulin (Itrz) 0.129 0.124 0.121 0.126
TR thiocyanate/insulin (2tci) 0.120 0.127 0.232 0.318 TR thiocyanate/insulin (2tci) 0.117 0.158 0.090 0.116
TR phenol/insulin (1mpj) 0.153 0.163 0.295 0.356 TRf phenol/insulin (1mpyj) 0.148 0.165 0.153 0.180
TR' tylenol/insulin (1tyl) 0.148 0.161 0.347 0.530 TRf tylenol/insulin (1tyl) 0.162 0.145 0.088 0.126
TR tylenol/insulin (1tym) 0.109 0.119 0.205 0.254 TR tylenol/insulin (1tym) 0.107 0.117 0.086 0.107
TR' methylparaben/insulin (3mth) 0.124 0.136 0.248 0.320 TRf methylparaben/insulin (3mth) 0.148 0.192 0.149 0.133

2 Displacements of residues B10-B19 of both monomers were mini-
mized in the optimization procedure. PDB entry codes are given in
parentheses.

2 Only those residues listed for each chain were minimized in the op-
timization procedure. The subscript T and R refer to the T-state or Rf-
state monomer, respectively. PDB entry codes are given in parentheses.
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this latter side chain to adopt a high-energy conformation with
x ! = 133°. In the present study, the closest contact between
BS.2 His and A10.2 Ile is 3.8 A, and the side chain of A10.2
Ile adopts a low-energy conformation with x»! = —52.5°,

The side chains of B13 Glu lie at the central to bottom por-
tion of binding site II. The B13.1 Glu side chains of all T;R}
hexamers appear to form an envelope of conformations that dif-
fer only slightly, if the uncomplexed hexamer (Ciszak & Smith,
1994) and the alternate orientations observed in both complexes
with 4’-hydroxyacetanilide (Smith & Ciszak, 1994) are ignored.
Although the closest contact between the side chain and the guest
molecule in site I1 in the present study is 3.54 A, distances in the
other five hexamers would range from 3.41 A to 3.11 A if a guest
molecule were present in the site. Thus, this side chain has un-
dergone subtle conformational changes in order to relieve any
contacts to the second guest molecule. A wider range of confor-
mations is observed for all of the B13.2 Glu side chains. The
closest contact from B13.2 Glu to the second guest molecule is
3.33 A in the present study, but would range from 1.36 to 2.42
for the remaining six T,R} hexamers. The larger separation ob-
served in the present study is due primarily to a rotation about
the x? torsion angle, which orients the plane of the carboxyl
group nearly parallel to the plane of the 4-hydroxybenzamide
molecule, as opposed to being more nearly perpendicular in the
other structures.

The B22.1 Arg side chain is observed in two discrete confor-
mations. In the primary conformation, N¢ and N¢? form a salt
bridge to an oxygen of the carboxyl group of A21.1 Asn (2.92
and 3.17 A, respectively); however, the secondary conformation
does not participate in salt bridge formation, but rather forms
a hydrogen bond to the carbonyl oxygen of B18.1 Val. A salt
bridge is also observed between N¢ of B22.2 Arg and the car-
boxyl group of A21.2 Asn (2.99 A).

Disulfide bridges

Torsion angles describing the disulfide bonds for each Cys res-
idue of the present study, for selected T;R{ hexamers, and for
the T¢ hexamer are listed in Table 4. The side-chain conforma-
tions of A20 Cys and B19 Cys in the T- and R-state monomers
are virtually identical, as are the disulfide bonds, suggesting that
the T — R transition has no effect upon the conformation of
the A20-B19 disulfide bond. However, considerable variation
is observed for the other two disulfide links, A6-A11 and A7-B7.
As a result of the T — R transition, x' for both A7.2 Cys and
B7.2 Cys undergoes a change of approximately 120°, which al-
ters the handedness of the disulfide bond from right to left, a
trend observed for all T;R{ hexamers. The conformation for 15
of the 16 A6 Cys side chains is relatively constant, with x'
equal to approximately —54° for both the T and R conforma-
tions in a TR dimer; a single exception is A6.1 Cys in the T,
hexamer, for which the torsion angle is —71.2°. In the T, hex-
amer, both A11 Cys side chains adopt a conformation with x !
equal to approximately 65°. In five of the seven T;R{ hexa-
mers, the x! torsion angle of A11.1 Cys (a T-state monomer)
has undergone a rotation of 150° to give a x ! torsion angle of
approximately —92°; two exceptions are the T-state monomer
in the complex with thiocyanate and phenol, for which x! is
+90.3 and +80.1°, respectively. The A1l.1 Cys residue in the
present study is observed in two discrete conformations, with
primary and secondary side-chain torsion angles of —84.0° and
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Table 4. x’! (N-C*-C?-S”) and S-S (CP-S7-S7-C#) torsion
angles (°) and the hand of the disulfide bond describing
the conformation of the Cys side chains in the T

and Ty R}, hexamers®

[ 1 1 | 1 |
XA6 XAl11 XA7 XB7 XA20 XB19

T-Conformation:

4ins (monomer 1) -71.2 64.6 —169.8 —67.8 -56.3 —-59.9

(monomer 2) —56.2 66.1 177.2 —-62.9 -543 -59.7
Itrz -55.7 -874 1789 -549 -60.2 -57.9
2tci -52.9 90.3 1653 -555 -50.8 -57.2
Impj —52.2 80.1 169.3 —-59.1 -—-57.9 -—58.3
1tyl —-52.2 -96.4 171.1 -59.5 -49.5 -54.1
Itym -51.2 -93.5 168.2 -68.2 -53.6 -57.3
3mth -50.3 -106.0 170.5 -57.6 —63.0 —-60.9
Present study -59.3 —84.0 169.5 -—-57.1 -—54.9 -60.8

69.6
Rf-Conformation:
Itrz -51.8 —64.0 -75.6 —174.7 -53.2 -55.2
2tci —49.6 -79.5 —67.1 —176.9 —-57.1 -—53.6
1mpj —-599 —654 —-68.6 1777 -56.3 —54.6
Ityl —-53.6 —624 -69.6 —178.9 -—55.3 -—48.7
Itym -55.2 -70.8 -69.6 —173.4 -54.3 -50.9
3mth -59.5 -77.8 —67.2 —179.9 -552 -S2.1
Present study —54.1 -71.6 —65.6 —178.9 -54.9 -60.8
Disulfide torsion angles (°):
A6-All Hand A7-B7 Hand A20-B19 Hand

T-Conformation:
4ins (monomer 1) 109.8 R 101.3 R —80.6 L

(monomer 2) 107.6 R 101.0 R ~82.6 L
ltrz -75.7 L 944 R —73.8 L
2tci 89.0 R 91.2 R -72.4 L
Impj 95.8 R 942 R -74.4 L
ltyl —62.5 L 98.0 R -72.0 L
Itym —69.2 L 93.8 R -74.9 L
3mth —54.0 L 93.8 R —80.3 L
Present study -81.9 L 97.5 R —-77.4 L

108.0 R

R'-Conformation:
ltrz -96.7 L -989 L —82.6 L
2tci —-80.1 L -955 L —-79.2 L
1mpj —-97.6 L -9.8 L -77.9 L
ityl -96.6 L -940 L —-77.4 L
Itym —88.5 L -949 L —81.6 L
3mth —81.2 L -95.0 L —80.5 L
Present study —86.2 L -95.1 L -77.4 L

2PDB entry codes refer to the following complexes: 4ins, T¢ uncom-
plexed insulin (Baker et al., 1988); 1trz, T,R% uncomplexed insulin
(Ciszak & Smith, 1994); 2tci, T;R] thiocyanate complex (Whittingham
et al., 1995); 1mpj, T3R} phenol complex (Whittingham et al., 1995);
1tyl, T;RY 4’-hydroxyacetanilide complex (Smith & Ciszak, 1994);
Itym, T;R{ 4-hydroxyacetanilide complex (Smith & Ciszak, 1994); and
3mth, T3R} methylparaben complex (Whittingham et al., 1995).

+69.6°, which is nearly identical to that observed in TsR or T¢
state hexamers. The T — R state transition alters the A11.2 Cys
side-chain torsion angle from approximately +65° to —71.6° in
the present study, which is agreement with all known T;R} in-
sulin hexamers.

In the T¢ hexamer, the A6-Al1l and A20-B19 disulfide
bridges are either completely or partially buried, whereas the
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A7-B7 bridge is completely exposed on the surface of the hexa-
mer, where it makes contacts with water molecules. The T-state
trimer in the T;RS hexamer is very similar to that of either tri-
mer of the Ty hexamer. As a result of the conformational
changes that occur during the T — R transition, the placement
of the disulfide bonds on or near the surface of the Rf trimer
is altered dramatically. Although the accessibility of the A20.2-
B19.2 disulfide changes little, the A6.2-A11.2 and A7.2-B7.2 di-
sulfide bridges are only slightly exposed on the surface of the
hexamer.

Discussion

The structure of the hexameric insulin complex with 4-hydroxy-
benzamide provides the first example of a T;R{ insulin hexamer
that binds six phenolic derivative molecules. The appearance of
the electron density around the guest molecules (Fig. 2) suggests
that both sites are fully occupied, and although their mean iso-
tropic temperature factors differ by 20%, they are comparable
to the temperature factors of the protein atoms that comprise
the binding sites. However, this structure does raise several ques-
tions for which the answers are not obvious. The channels that
link the two phenolic binding sites to the solvent exterior are too
small to accommodate phenol or any phenolic derivative, al-
though, based upon the dimensions of the channel, it would ap-
pear that water may be free to migrate to and from the sites. A
T-state trimer in a hexamer is inconsistent with the binding of
a phenolic derivative because the side chain of B6 Leu occupies
the phenolic binding site, and there is no access to the site from
the surface of an R-state trimer. This seems to suggest that
the conformational flexibility of the first eight residues of the
B-chain allows them to move away from the entrance to the
binding site, permitting the guest molecule to enter, although
this would still require the sequential addition of two molecules
in the present case. Movement of these B-chains, in combina-
tion with the dissociation of hexamers in solution to smaller ag-
gregates such as dimers and tetramers, which completely exposes
the binding site on the dimer surface, would further enhance the
binding of guest molecules. It seems unlikely that mixed T and
Rf conformations can co-exist within a trimer because very
close contacts would result between segments B3-B6 in adjacent
monomers and cannot be relieved without major conforma-
tional changes in other portions of the monomers. Following the
binding of a guest molecule by one monomer, the remaining
N-terminal B-chain residues can no longer adopt the T-state
conformation, which facilitates their transition to the R state,
supporting the observed positive cooperativity of the T — R tran-
sition within a trimer (Brzovi¢ et al., 1994; Bloom et al., 1995;
Whittingham et al., 1995).

A comparison of the binding sites in the TR} hexamer com-
plexed with 4-hydroxybenzamide to that of the R¢ hexamer
complexed with phenol (Smith & Dodson, 1992) clearly reveals
that, in addition to the six type I binding sites in the Rq hexa-
mer, there are only three type II sites. Each type II site links a
type I site with its counterpart on the opposite side of the hexa-
mer. In order for an Rg hexamer to bind a guest molecule in site
11, the side chains of A13 Leu, B13 Glu, and B17 Leu must un-
dergo significant conformational changes. There are two ways
in which to orient the T;R} hexamer onto the Rq hexamer, and,
regardless of the orientation, the methyl groups of both B17 Leu
residues penetrate into the lower portion of site I and the side
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chains of both B13 Glu residues are directed into the lower and
central portions of site II. Although the side chains of both B13
Glu residues can undergo conformational changes to accommo-
date a guest molecule without contacting neighboring residues,
a change in conformation of B17 Leu would bring it into close
contact with A13 Leu. In the T;R} hexamer with a guest mol-
ecule bound in site 11, the side chains of B13.1 and B13.2 Glu
and B17.1 Leu are rotated away from the two sites, with the side
chain of A13.2 Leu undergoing a conformational change to re-
lieve steric interactions with the new position of the side chain
of B17.1 Leu. From a structural point of view, there appears
to be no reason why 4-hydroxybenzamide does not drive the
T — R transition to completion to produce an Ry hexameric
complex. A T,Rf hexamer is produced by the complexation of
methylparaben by insulin (Whittingham et al., 1995), but, in this
case, the concentration of the guest molecule was approximately
10-fold less than the concentration of phenol required to gener-
ate an R4 hexamer. The concentration of 4-hydroxybenzamide
was 0.6 of that of phenol, and the resulting T;R{ hexamer sug-
gests that the gain in energy in binding 4-hydroxybenzamide, un-
like phenol, m-cresol, or resorcinol, is not sufficient to overcome
the negative cooperative effect (Brzovic et al., 1994; Bloom
et al., 1995).

It was noted (Cutfield et al., 1981) that the T — R transition
produces a change in conformation at the A6-All and A7-B7
disulfide bonds. In the T-state monomer in the T;R{ hexamer,
the x ! torsion angles of both A7 and B7 change very little and
therefore do not alter the disulfide torsion angle significantly.
However, in the R-state monomer, the x' torsion angles of
both A7 and B7 are interchanged, that is, A7 Cys adopts the
conformation of B7 Cys in the T4 hexamer, whereas B7 Cys has
torsion angles similar to that of A7 Cys. Although the large dif-
ference in conformation of one cysteine residue is compensated
by the second, the torsion angle of the A7-B7 disulfide bond un-
dergoes a rotation of approximately 180°, altering the handed-
ness from right to left. The side chain of A6 Cys in the T-state
conformation in a T;R} hexamer undergoes a change of nearly
17° from that of monomer 1 in the T hexamer, but the confor-
mation of the side chain of A6 in the Rf-state monomer is
nearly identical to that of monomer 2 in the T4 hexamer. The
T — R transition alters the side-chain conformation of Al11 Cys
in the Rf-state monomer, and hence the handedness of the
A6-All disulfide bond. A similar situation appears to exist for
the T-state monomer in the T;R} hexamer, with three notable
exceptions. The side chain of the T-state Al11 Cys in the com-
plex with thiocyanate and phenol (Whittingham et al., 1995)
adopts a conformation more nearly like that of the T4 hexamer,
as does the secondary conformation of that residue in the present
study. These observations clearly show that a T-state monomer
in a T,R} hexamer is consistent with either of the two observed
conformations, left- and right-handed, and should be taken into
account in the interpretation of spectral studies that rely upon
a signal dependent upon the handedness of a disulfide bond.

Under certain conditions, insulin can irreversibly polymerize
to form high molecular weight insoluble aggregates. It has been
reported that the presence of certain small molecule reagents
such as glycerol or phenol can inhibit this behavior (Grau & Sau-
dek, 1987). The A7-B7 disulfide bond lies on the surface of the
Te hexamer and also on the surface of the T-state trimer in the
T;Rf hexamer. However, the R disulfide bridges, A6-A11 and
A7-B7, are only slightly exposed on the surface of the hexamer.
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If these disulfide bridges are involved in the polymerization
mechanism, the loss of their surface accessibility could possi-
bly account for the reduced polymerization in the presence of
low concentrations of phenol or other reagents that are capa-
ble of inducing the T — R transition. One might expect that the
R¢ hexamer would be even less prone to polymerization, but
this would require a higher concentration of phenol or the pres-
ence of an as yet unidentified compound that is more efficient
in inducing the T — R transition.

Materials and methods

Biosynthetic human insulin complexed with zinc was provided
by Lilly Research Laboratories. Buffer, salts, and other reagents
were purchased and used without further purification. The crys-
tals from which the initial set of data were obtained were grown
from a solution at pH 5.7 containing 0.9 mM insulin, 0.05 M so-
dium citrate, 0.007 M zinc acetate, 0.06 M 4-hydroxybenzamide,
and 1.0 M sodium chloride. The crystals belong to space group
R3 and were indexed in a hexagonal cell. Intensity data were
measured to 1.9-A resolution using a Rigaku R-AXIS II-C mage
plate system and RU-200 rotating anode generator with graph-
ite monochromated CuK, radiation (A = 1.54178 A)at 290 K.
Data were processed through the use of the R-AXIS software.

The unit cell constants are nearly identical to that of uncom-
plexed T;RY insulin crystals (Ciszak & Smith, 1994) and the
complex with 4’-hydroxyacetanilide, Tylenol (Smith & Ciszak,
1994). An initial model of 752 atoms consisted of the entire
A-chain and residues B2-B28 of both monomers of the uncom-
plexed T;R{ insulin dimer (Ciszak & Smith, 1993); side chains
that had been refined in two alternative conformations were ex-
cluded. Several cycles of restrained least-squares refinement
were performed using PROFFT (Hendrickson & Konnert, 1980;
Finzel, 1987), refining an overall B-iso, and resulted in a resid-
ual of 0.307. Examination of 2F, — F, and F, — F, maps re-
vealed electron density only within binding site I that could be
unambiguously interpreted as a 4-hydroxybenzamide molecule.
Additional cycles of refinement, including well-defined water
molecules and refining individual isotropic temperature factors,
reduced the residual to 0.203.

A second crystal growth experiment was performed in micro-
gravity aboard the shuttle flight STS-60 using the Protein Crys-
tallization Facility (PCF) apparatus. The crystals grown in
microgravity were larger, free of inclusions, and very well
formed as compared to the previous crystals grown in normal
gravity. The microgravity-grown crystals are identical to those
grown in the previous crystallizations. Unit cell constants aver-
aged over six crystals are a = b=80.72 A, and ¢ = 37.63 A. Data
to a resolution of 1.4 A were measured on six microgravity-
grown crystals using a Rigaku R-AXIS II-C image plate system
and RU-200 rotating anode generator with graphite monochro-
mated CuK,, radiation (A = 1.54178 A) at 290 K. The R-AXIS
software was used to integrate the intensities and to apply the
Lorentz and polarization factors to the data from each frame.
Interframe scale factors for the data from each crystal were cal-
culated using SORTAV (Blessing, 1987), excluding all partial re-
flections and any reflection for which |F?|/o(F?) was greater
than 3.0 when F? was negative. The full and partial amplitudes
and their standard deviations from each frame were multi-
plied by these scale factors, partials from adjacent frames were
summed, and an initial scaling of the six sets of data using
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SORTAYV was done in order to identify gross outliers. At this
point, it became apparent that there was an average of more
than eight replicate measurements for each independent reflec-
tion and, therefore, all partial reflections were omitted from the
averaging. Following the exclusion of the gross outliers and the
partials, a final pass was then made through all of the data in
order to scale and merge all replicate reflections. The final sta-
tistics showed that only 74 reflections were measured once, 264
reflections were measured twice, and there was an average of
8.6 replicate measurements for each independent reflection.
Details of data measurement and processing are provided in
Table 5.

As an initial check for the presence of the guest molecule,
2F, — F, and F, — F, electron density maps were calculated
using the partially refined 1.9-A structure as a model, exclud-
ing the 4-hydroxybenzamide molecule. These maps clearly ver-
ified the presence of the guest molecule in binding site 1, but
there was no density corresponding to the second guest molecule.
Restrained least-squares refining an overall isotropic thermal pa-
rameter, using PROFFT (Hendrickson & Konnert, 1980; Fin-
zel, 1987) and the dictionary of Engh and Huber (1991) as
modified by Lamzin, Dauter, and Wilson (1995), was begun
using the partially refined 1.9-A model, but excluding water mol-
ecules and those side chains that had been modeled initially as
disordered. Throughout the refinement, necessary adjustments
were made to the model and water molecules were added with
CHAIN (Sack, 1988) in accord with good density and accept-
able hydrogen bonds to other atoms. The geometry of the model
was monitored continually with PROCHECK (Laskowski et al.,
1993). As the refinement progressed, it was noted that electron
density, which had been modeled as several water molecules ad-
jacent to the 4-hydroxybenzamide molecule, was strongly sug-
gestive of a second guest molecule. Several additional cycles of
refinement were performed, excluding all water molecules in the
vicinity of the secondary binding site, The resulting electron den-
sity maps clearly revealed density that could be identified un-

Table 5. Data measurement and processing

Number of Total Independent
Crystal image frames data data R-merge
1 43 26,835 10,782 0.044
2 29 20,146 13,131 0.042
3 35 20,015 14,074 0.042
4 75 34,018 16,960 0.056
5 51 29,480 16,404 0.049
6 45 31,249 16,052 0.056
Final merged data 159,339 18,076 0.066
Resolution % Measured data
range d (A) Completeness with F, = 2e(F,)
-3.0 97 100
3.0-2.5 99 99
2.5-2.0 99 98
2.0-1.8 99 91
1.8-1.6 99 80
1.6-1.5 99 60
1.5-1.4 99 35
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ambiguously as a second 4-hydroxybenzamide molecule. The
second guest molecule was added and the refinement continued.

Initially, an empirical weighting scheme (w = 1/¢%(applied))
was applied to the diffraction data where o(applied) is linear with
respect to sin(6/\), but as the refinement proceeded, it became
obvious that a single straight line was not sufficient to model
the entire range of AF. PROFFT was modified to accommodate
two empirical weighting schemes, both as a function of sin(6/\);
the first was applied to data between 8 and 1.76 A, whereas the
second was applied to data between 1.76 and 1.4 A resolution.

Early in the refinement, it was obvious that several side chains
existed in more than a single discrete conformation. The side
chains of B12.1 Val, B18.1 Val, B22.1 Arg, A9.2 Ser, and B26.2
Tyr were modeled in two conformations and were subsequently
included in the refinement. Although the side chain of B21.2 Glu
could be modeled in a region of weak electron density, the pres-
ence of several regions of density, too close to be water mol-
ecules, strongly suggests that there are multiple conformations
of this side chain. A persistent AF peak in the vicinity of the
A6.1-A11.1 disulfide bridge was difficult to model because the
inclusion of a second A1l.1 Cys side chain resulted in very poor
geometry. This was finally remedied by including an entire al-
ternate Al1.1 Cysresidue, which resulted in good geometry and
no positive or negative AF density. A similar situation was also
observed for A8.2 Thr, and again, the residue was modeled as
two threonine residues. No density was observed for residues
B29.2 Lys and B30.2 Thr, or for the side chains of A14.1 Tyr,
B30.1 Thr, and B2.2 Val. In the final cycles of refinement, Af’
and Af” were applied to the zinc and chloride ions; hydrogen
atom positions were calculated on the basis of idealized geom-
etry and allowed to refine. The final model consisted of 807 pro-
tein atoms, two 4-hydroxybenzamide molecules, two zinc ions,
one chloride ion, 125 fully occupied water molecules, and 46 par-
tially occupied water molecules. The refinement converged at
a residual of 0.154 for 13,694 independent data with F = 20 (F).
A 6(R) plot, constructed with NORMAN (Howell & Smith,
1992), was linear with a slope of 1.52 and an intercept of 0.18;
the goodness of fit was calculated to be 1.53 for all data and
ranged from 2.11 to 1.39 in 15 equal volume shells of sin?8/»>.
Refinement statistics are given in Table 6. The coordinates have
been deposited with the Brookhaven Protein Data Bank (code
number lben).

Because data were measured from six different crystals, the
question arises as to whether the observed disorder in the side
chains, as well as in residues Al1.1 and A8.2, results from in-
trinsic disorder in the dimer or from the presence of different
conformations in different crystals. Difference and 2F, — F.
maps were calculated using the data from crystal 4 and from
crystal 5, the two crystals from which the largest amount of in-
dependent data were measured. There was no evidence of sig-
nificant positive or negative AF density in the vicinity of the
disulfide bridge (A6.1-A11.1), in the region of A8.2 Thr, or in
any of the disordered side chains. One can thus conclude that
the observed disorder is intrinsic to the dimer and not a result
of merging data from multiple crystals.
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Table 6. Refinement statistics

Resolution wo-1.4 A
No. of reflections (¥ > 0) 18,002
R 0.192
Rw 0.254
No. of reflections (F, = 2a(F,)) 13,789
R 0.171
Rw 0.228
Resolution 8.0-1.4 A
No. of reflections (F > 0) 17,907
R 0.176
Rw 0.215
No. of reflections (F, = 20(F,)) 13,694
R 0.154
Rw 0.183
Target Distances
Sigmas (A)
Bond distances (1-2) 0.020 0.013
Angle distances (1-3) 0.040 0.034
X-H bond distances 0.030 0.009
X-X-H angle distances 0.040 0.013
Planar distances (1-4) 0.050 0.033
Chiral volume (A%) 0.150 0.125
Planar groups (A) 0.025 0.015
Nonbonded distances (A)
Single torsion 0.50 0.183
Multiple torsion 0.50 0.224
Possible H-bonds 0.50 0.250
Torsion angles (°)
Planar 3.5 33
Staggered 20.0 14.5
Orthonormal 25.0 14.9
Thermal parameters (A2)
AB Main chain 2.00 1.940
AB Side chain 2.00 2.021

of recombinant human insulin. The microgravity crystallization exper-
iments were supported by NASA (NAG-813) and the data measurement,
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