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Domain Closure in Lactoferrin

Two Hinges Produce a See-saw Motion Between Alternative
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Lactoferrin is an iron transport protein. Upon binding iron, the two domains in the
N-terminal half of the molecule move together. Previous work has shown that this domain
closure involves two hinges. Using the newly refined structure of the open form, the
gtructural mechanism underlying this motion is analyzed here in detail.

Upon closure the domains rotate 54° essentially as rigid bodies. The axis of rotation
passes through the two f-strands linking the doemains. These strands contain hinges in the
gense that three large torsion angle changes are responsible for the bulk of the motion while
smaller torsion angle changes in neighboring residues are responsible for the remainder of
the motion, The rotation axes of these three torsion angle changes are nearly parallel to the
axis of the overall 54° rotation, so the local motion in the hinges can be directly related to
the overall motion.

A crucial feature of the hinge residues is that they have very few packing constraints on
their main-chain atoms.

The domains make different packing contacts with each other in the open and closed
forms, These contacts form two interdomain interfaces arranged on either side of the hinges.
Pivoting about the hinges produces a see-saw motion between the two interfaces. That is,
when the domains close down, residues in the interface on one side of the hinges become
buried and close-packed and residues on the other side become exposed. The situation is
reversed when the domains open up.

Lactoferrin provides a particularly clear example of the general features of hinged domain
motion. It is compared to other instances of hinged domain closure and contrasted with
instances of shear domain closure, where the overall motion is a summation of many small
sliding motions between close-packed segments of polypeptide.

Keywords: macromolecular structure; protein dynamics; conformational change;
helix shear motion; binding proteins

proteins {Anderson et af,, 1979, Janin & Wodak,
1983; Bennett & Huber, 1984). They are involved in

Large movements of one protein domain relative  the transport of metabolites and in cellular motion,
to another are important for the function of many  They also play a crucial role in the catalytic
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mechanisms of certain enzymes: in shielding the
substrate from water, surrounding it with catalytic
residues, and preventing the escape of kinetic inter-
mediates (Anderson et al., 1979; Knowles, 1991).

For fast low-energy transitions, proteins must
maintain weli-packed interiors and interfaces that
do not have steric clashes or large cavities, How can
4 protein accommodate large domain movements
while still maintaining its packing? Shear motions
provide one possible structural mechanism (Chothia
et al., 1983; Lesk & Chothia, 1984; Chothia & Lesk,
1985, Rojewka & FElber, 1990; McPhalen e al.,
1992). These involve small (1 to 2 A} sliding move-
ments between close-packed segments of poly-
peptide, e.g. belices. The culmination of many shear
movements both within and between domains can
result in a Jarge overall movement.

Hinge mechanisms provide an alternate way for
protein domains to move while still maintaining
their packing. Domains can move as rigid hodies
with all the deformations confined to linking hinge
regions. Such motions require different interfaces
from thoge found for shear motions, Good structural
evidence for such mechanisros was provided by the
recent structure determination and analysis of the
open and closed forms of the iron transport protein
lactoferrin (Anderson et of., 1990) and the large
variant of adenylate kinase (Schulz et af., 1990,
Gerstein ef al., 1993).

Lactoferrin is particularly well-svited to studies
of hinged domain motion because well-refined high-
resolution structures of the open and closed forms
are available. Certain features of the domain closure
in lactoferrin have been described previously
{Anderson et al., 1990; Baker ¢f al., 1991). Here, by
comparison of open and closed forms of lactoferrin
that work is extended. The hinged mechanism for
domain closure in lactoferrin is contrasted with the
shear mechanisms in other proteins. Attention is
focussed on two questions: (1) how is the overall
motion of the two domains related to the torsion
angle changes in the hinges; and (2) how does the
packing and interface structure accommodate large
deformations in the hinges!?

2. The Structure of Lactoferrin

The structure of lactoferrin has been determined
by X-ray crystallography (Anderson et ol., 1987,
1989, 1990: Norris ef al., 1991). The molecule is
divided into N-terminal and C-terminal lobes, which
have clear sequence homology and must have arisen
from a gene duplication. Each lobe contains two
domaing, denoted N1 and N2 and Cl and 2.
Within each lobe the domains are covalently linked
by two strands of antiparalle!l fi-sheet (Fig. 1), and
at the interface between the domains there is an
iron binding site. Each domain, in turn, has an «ff
structure {Levitt & Chothia, 1976), containing a
central f-sheet with helices packed on both faces.
{Residue numbering is given in Table 1.)

Crystal structures have been determined for an
iron-bound form and for an iron-free form. In the

Table 1

Regions in lactoferrin
Name Residues” RM.§8F
N-lobe 1-344
C-lobe 34569
N1 1-91, 252-333
N2 92-251
N1 core® 684, 252-301, 304-331 (45
N2 core® 92-100, 104-138, 144-218, 221-250 0-39
Helix 5 121-136
Helix 11 321-332

*The definitiens of the lobes, domains, and secondary
structures are taken from Anderson ef al. {1989).

*R.M.8. deviation (in A) of the main-chain atom positions after
fitting either the N1 or N2 core region of the open and closed
forms.

“The static cores of the N1 and N2 domains were identified by
a sieve-fit procedure (Lesk, 1991). A 0-4 A threshold was used.
This vatlue is approximately the same as the expected
experimental ervor in the co-ordinates. Most of the residues
excluded from the static core (101 to 103, 139 to 143, and 21% to
220y are part of flexible loops, and differences in their
conformation are unlikely to be linked to the overall motion. In
contrast, the peptide flip at 302 to 303 lies at the domain
interface and is more closely coupled to the closure motion.

iron-bound form {Anderson ef al., 1989}, N1 and N2
are closed together with an iron atom bound
between them. The same is true for C1 and C2.

In the iron-free form {Anderson ef af., 1990}, N1
and N2 are separated, exposing a deep cleft between
them. Baker et al. {1991) have shown that the
domains move as almost rigid bodies and that the
major conformational change occurs in “hinge”
regions on the two strands that link the domains.
The hinges are approximately between Thr0 and
His91 on strand e and between Val250 and Pro251
on strand j. Although C1 and C2 have also lost their
iron ligand, they show no appreciable conforma-
tional change and are still closed together. The
absence of changes in the C-lobe is not completely
understood but could arise from crystal-packing
effects (Anderson ef al., 1990),

Here a detailed analysis is presented of the strue-
tural mechanism underlying the movement of N1
and N2. The atomic co-ordinates of the closed form
are taken from the protein data bank (Bernstein et
al., 1977), identifier 1LFG. Co-ordinates for the
open form are from a further refinement of the
previously deposited co-ordinates (1L.LFH). These
structures were determined at resolutions of 2:2 A
and 20 A with crystallographic R-factors of (-178
and 0-176, respectively.

In addition to the domain closure in the N-lobe,
superpositions (Baker ef al., 1991) have shown that
in the iron-free form of lactoferrin, there is a small
{8°) rotation of the C-lobe relative to the N-lobe.
This rotation is about an axis perpendicular to the
NI1-N2 rotation axis {(which is discussed below), and
there is no direct contact between N2 and the
C-lobe. Thus, any eoupling between the motion of
N2 and the motion of the C-lobe is indirect and will
not affect the discussion presented below of the
domain closure in the N-lobe.
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Figure 1. The overall motion in lactoferrin. The Figure shows N1 and N2 of lactoferrin in open (a) and closed (b)
forms, with the N1 cores {Table 1) of both forms superposed. The origin of the screw transformation lies at the center of
the Figure, and the view is down the screw axis, which is indicated by a circle with a dot in it. N2 is shown in darker
shading than N1, and the antiparallel §-strands that contain the two hinges are highlighted with a bold line. The C*
atoms of residues 90 and 251, which lie in the middle of these strands, lie very near the screw axis in the open form and
are indicated by open circles. This Figure as well as Figs 2 and 4 were produced with MOLSCRIPT (Kraulis, 1991). To
assess how close the direction of the screw axis is to the line through the C* atoms of residues Thr90 and Pro251, the total
547 rotation Rq can be decomposed into a rotation R, around an axis connecting C* atoms of Thr90 and Pro251 followed
by a ratation R, around an axis perpendicular to that of R,. A similar decomposition can be done using the axis of helix
11 and is shown in the table below. {I. m, and »n refer to the 3 direction cosines of a rotation axis, and x refers to the
rotation angle around that axis.)

R, = R, R, = R,, R,
Total Rotation Rotation Rotation Rotation
rotation of around axis around axis around axis around axis
N2 relative perpendicular connecting perpendicular of helix 11
to N1 to that of R, C* atoms of to that of R,
90 and 251
! 0 0-049 0074 —078 042
™m 0 —099 —016 —0-50 0043
7 1 016 (-98 0-38 0-91
K 54-1° 9-4° 53-4° 22:0° 49-8°

3. Overall Description of the Motion

{a) The static core and the principal movers

on the static core of N1, the maximum C* displace-
ment of any residue in the N2 core is 27 A.

As discussed in the legend to Table 1, a sieve-

fitting procedure was used to identify a set of
residues, called the static core, in each domain that
did not move appreciably with respect to each
other. The residues forming the static cores of N1
and N2 are listed in Table 1. They do not include
the regions linking the domains, some residves in
the interface between N1 and N2, and some surface
loops far from the interface. On the whole, however,
the static cores include most of the residues in the
protein, 90%, of N1 and 939 of N2. This result
provides further evidence that N1 and N2 move as
rigid bodies (Baker et al., 1991). After superposing

(b)Y The rigid-body rotation of N2 relative to N1
around @ screw aris

Ta characterize the rigid-body motion of N2
relative to N1, the open and closed forms were
superposed on the static core of N1. Then the
further rotation and translation required to super-
pose them onto the N2 core were determined. The
rotation is 54°. The magnitude and direction of the
tranglation depend upon the choice of origin for the
rotation axis.

Describing the motion as a screw motion fixes the
origin go that the translation is minimal and occurs
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Fig. 2.

along the rotation axis (see Appendix). With such a
choice of origin, N2 translates only 1-0 A, and as is
evident in Figure 1, the screw axis passes very close
to Thr90 and Pro251, the two residues previously
identified to be at center of the hinges (Anderson et
al., 1990). In particular, the screw axis passes within
1-4 A of the C* of Thr90 and within 2-4 A of the C* of
Pro251 and is nearly paralle! to a line through these
two C” atoms. As discussed in the legend to Figure 1
and in the Appendix, the 54° rotation about the
screw axis can be decomposed into a 53° rotation
about this line followed by a 9° rotation about an
axis perpendicular to it. Thus, when described as a
“screw motlon,” the motion of N2 relative to N1 is
almost a pure rotation about the central residues in
each hinge,

{c) Torston angle changes in the hinge region

The main-chain around the hinges has the form of
two antiparallel f-strands with an inserted loop
{Figs 1 and 2). The principal torsion angle changes
involved in the hinge motion are in (90). ${91),
H{250%, Y{(250), and $H(251). With the current co-
ordinates, these are the largest changes in the hinge
region and are, respectively, 49°, 26°, 30°, 33°, and
227 (Table 2).

In a pure hinge motion, the axes of the principal
torsion angle changes would be parallel to the axis
of the overall rotation. The angles between the
screw axis and the axis of each torsion angle

rotation are shown in Table 2. Clearly, the axes of
rotation for AY(90), Ad(91), AY(250), and, to a
lesser extent, A¢(251) are better aligned with the
screw axis than the axes for the other torsion angle
changes in the hinge region. So the principal torsion
angle changes have rotation axes in roughly the
same direction as the overall rotation.

The first hinge involves torsion angle changes in
¥(90) and ¢{91). These changes are coupled across a
peptide bond, and as they are in the same direction,
they do not cancel. They produce a total rotation of
817 around a virtual hond connecting the (% atoms
of Thr90 and His91, i.e., in the pseudo torsion angle
. The axis of this @-angle rotation is inclined only
34° relative to the serew axis, and this inclination is
consistent with the axes of A (90) and A¢(81) heing
in same direction as the overall motion. The magni-
tude of the g-angle rotation is greater than the
overall 54° rotation, so the changes in ¢(90) and
@(91) essentially rotate N2 in the correet direction,
but by ~ 307 too much. Small changes in neigh-
boring torsions compensate for this excess. Because
of this cancellation, a rotation of just {90} alone is
able to reproduce much of the motion of the first
hinge.

In the second hinge the principal torsion angle
changes do not have their rotation axes as closely
aligned with the screw axis as do Ay(90) and
Ag(91}, and the description of this hinge is not as
simple. Three torsion angles have changes greater
than 20°: ¢{250), ¥/(250), and $(251). The change in
the central torsion angle, 1.e. A (250) = —33°, is the



Domain Closure in Lactoferrin 361

97

91
251

257

97

91
251

257

97

91
251
257
97
91
251
257

Figure 2. The two hinges in lactoferrin. (a) The open form as shown in Fig. 1{a) but rotated by 90°, so the screw axis,
indicated by a thick line, is parallel to the plane of the page and perpendicular to the viewing direction. (b) A close up of
the hinges in stereo. The view is approximately the same as that in (a} but only the main-chain atoms of the hinge region
are shown. The main-chain atoms of the closed form are shown by the thick line, and those of the open form, by thin line.
The open form is fit onto the closed form using restdues in N1 (top} and in N2 {bottom}. The principal residues of the

hinges are Thr90 and His91 and Val250 and Pro251.

largest of the three and has an axis most closely
alighed with the screw axis (considering both
forms). This change is coupled across the peptide
bond with A¢{251) to produce an «-angle rotation of
49". However, as the axes of ¢(251) and (250} are
not as closely aligned with the screw axis as those of
Y(90) and $(91), this 49° a-angle change is less
closely aligned with the overall motion than the 81°
e-angle rotation in the first hinge. A rotation in a
direction perpendicular to the screw axis I8 neces-
sary and is supplied by $(250).

In sum, the analysis suggests that Y(90) in the
first hinge and ¢(250) and $(250) in the second
hinge are the three most important torsion angles in
the lactoferrin domain closure. Flipping these three

angles from their open to closed conformation repli-
cates roughly 759, of the total motion. That is, N2
in open form with these three torsions changed is
rotated 41° with respect to the open form N2 and
—14° with respect to the closed form N2 with both
rotations ronghly in the same direction as the
overall 54° rotation (the rotation axes are inclined
8° and 23° to the screw axis).

@(91) and ¢(251) are of lesser importance than
¥ (90), ¢{25(0, and ¥(250). Furthermore, there are a
number of other appreciable (greater than 10°)
main-chain torsion angle changes in the hinge
region: five between 249 and 252 and 13 between 84
and 91, These changes contribnte the remainder of
the motion. Many of them can be grouped into
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Table 2
Torsion angle changes in the hinges
Torsion Angte with Torsion Angle with
angle screw axis® angle screw axis®
Residue change® Open Closed Residue change® Open Closed
A, Changes in ¢ and
Y 4 Py 7 ~75 —80
o ® ~15 8, 8 - —24
W -5 o1g @ 16 —25 —23
o 0 —1 49 6 82 79
W oen & 30 84 75
g 0 —168 250y x ~33 ~126 —41
¥ 17 - - -5 — 50
oy -3 30 34 21, 14 -8l —81
o 4l 44 L 0 ~71 -71
g ® 48 47 2 9 65 65
W 28 41
P 20 35
8y 16 59 53
b -2 56 51
W e _49 14 23
o &* ~26 16 25
i 15 89 89
) 4 78 86
2y —4 38 38

*The 5 torsion angles that are highlighted by a star (*) and are shown in bold are the principal contributors to the overall domain
closure motion. Changes in t; and ¢, |, the torsion angles on either side of the peptide bond, can be coupled. If Ay, = —Ag,, , and both
are small in magnitude, they approximately cancel. That is, while the peptide orientation changes considerably, the chain direction does
not. Cancelling pairs of Ay, and A¢;,, are boxed in the Tahle.

The cancellation of torsion angles was verified by an exhaustive conformational search using CHARMM and X-PLOR {Brooks ef al.,
1883; Briinger ¢! al., 1987). All possible combinations of torsion angles in the hinge region were changed from their values in the open
form to those in the closed form. The new changed structure was fit onto the N1 core of lactoferrin and the r.m.s. deviation for atoms in
the N2 core was calculated. The r.m.s. deviation was then used to rank the various torsion angle changes. ln particular, the
conformational search shows that just changing §(90) reproduces remarkably well the effect of all 13 torsion angle changes in the first
hinge.

Residues 84 to 89, which form a f-hairpin that extends out from the structure, were difficult to fit into the electron density.
Consequently, the torsion angle changes in this region may not be as certain as in other parts of the structure. In any case, as is evident
from the Table and the conformational search, the changes in the region effectively cancel out.

®The last 2 columns show the angle between the screw axis and the axis of the torsion rotation (i.e. the Jine connecting either the N
and F atoms or (* and C atoms) for both the open and closed forms. Clearly, the principal torsion angte rotations are in the same
direction as the overall motion.

Angle Angle
with with
Between sCrew Between SCrew
residues Aax axis residues Ax axis
B. Changes in o
84-85 —12 247-248 0
85806 24 248-249 3 24
BE—B7 -3 249-250 -15 88
87-88 10 59 250-25] % 49 47
88-89 —11 Fi 251-252 — 59
89-90 38 54 252-253 -9 72
90— * 81 34
91-92 —33 65
92-93 0 45

Changes in « angles for the residues in the hinge. « angles are torsion angles for rotations around the virtual honds connecting C*
atoms. Major o angle changes are highlighted by stars (*). The angles between the screw axis and the axes of each z-angle rotation are
also shown. The a-angle axes are lines connecting the C* atoms in the open form.

canceling pairs of rotations on either side of the
peptide bond (as is discussed in Table 2).

As shown in Figure 3, all the principal torsion
angle changes in lactoferrin oecenr in normally
allowed regions of the Ramachandran diagram and
consequently involve only low-energy transitions.

4, Changes in the Large and Small Interfaces
{a) Accessibility and packing of the interfaces

Excluding the residues in the hinges, the 39
residues making contacts between N1 and N2 can be
grouped into two domain interfaces on either side of
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¢

Figure 3. Ramachandran diagram of the main torsion
angle changes in lactoferrin. ¢r-values of the 4 residues in
the hinges are shown with open ecircles for the open
conformation and with filled circles for the closed con-
formation. The open and closed ¢f-values of the 4
residues are:

Thrd0 (—110°, 42° > (—111°, —7°
His9l (—150°, 167°) — (—176°, — 178°
Val250 (—122°, 153°%) = ( —92°,
Pro2sl ( —64°, 146°) = ( —86°,

|3
).
119°),
159°).
Al] the transitions are in normally allowed regions of the
diagram. Note that proline has a more restricted range of
allowed ¢nf-values. In addition to being in an allowed
region of the normal Ramachandran diagram, its ¢ value
is usually constrained to be between —[00° and —40°
{Creighton, 1984; Kolaskar & Kulkarni-Kale, 1992).

the screw axis. Here these interfaces are called the
large and small interfaces. In the open form, the
small interface is buried and close-packed while
residues in the large interface are saccessible to
solvent. The sitnation is reversed in the closed form:
residues in the small interface become exposed to
solvent, and those in the large interface become
buried and pack closely. As listed in Table 3, the
large interface contains 26 residues, which primarily
line the two walls of the interdomain binding cleft.
The small interface containg 13 residues. It is made
from residues packed between helices 5 and 11,
which are associated with N2 and N1, respectively.

The alternate exposing and burying of the inter-
faces on either side of the screw axis resembles the
motion of a see-saw. This alternation is evident in
the sections through the van der Waals envelope of
lactoferrin shown in Figure 5. Tt is also evident in
terms of the solvent accessibility (Lee & Richards,
1971) and volumes of the interface residues
(Richards, 1974; Chothia, 1975). Upon closure, the
accessible surface area decreases for each residue in
the large interface and increases for each residue in

the small interface. These increases and decreases
are neatly arranged on either side of the screw axis
(Fig. 4(a)). In total, upon closure ~ 900 A? of
aceessible surface is buried in the large interface
while ~ 300 A? becomes accessible in the small
interface, giving a total increase of ~ 600 A? of
buried surface area between the two interfaces.

Upon closure 16 of the 26 large interface residues
are huried and close-packed. That is, they have an
accessible surface of less than 20 A? and residue
volumes close to those normally found in the protein
core (Chothia, 1984). Conversely, nine of the small
interface residues close pack only in the open form.
(Two residues are close-packed in both forms.} As
was the case with accessibility, the changes in
packing are neatly arranged around the screw axis
(Fig. 4(b)).

The close packing of the interfaces is achieved
with only moderate changes in the conformation of
side-chains, Of the 33 interface side-chains with a
torsion angle, only six have large changes {more
than 35°), and of the 29 side-chains with a x, only
eight have large changes. Many of the side-chains
that change conformation are involved in specific
interactions. Aspb0 is an iron ligand and Arg210 is
also associated with the iron-binding site. Lys296
and Lys301 form interdomain salt bridges upon
domain closure. Tyr324, Argl33, and Arg332
(respectively, at N terminuns of helix 11, C terminus
of helix 5, and C terminus of helix 11} change con-
formation to accommodate the relative movements
of helix 5 and helix 11, For the remaining interface
side-chains, (Ay,> and {Ay,) are just 10° and 15°,
respectively. The impiication is that most of the
side-chains just rock slightly in a local potential well
and that only about a guarter of the side-chains
change to a different rotamer conformation {Ponder
& Richards, 1987). In total, the conformational
changes in the interface side-chains are responsible
for ~ 100 A? of the ~ 600 A? of buried surface.}
Thus, when open, the interfaces are largely
preformed to fit together tightly when closed.

(b) Packing of helix 5 und helix 11

The interface between helix 5 and helix 11 (the
5-11 interface) has been divided between the large
and small interfaces, Helix 5 and helix 11 are
packed in a crossed fashion (interhelical angle 62°),
and helix 5 moves with N2 while helix 1] remains
fixed with N1. As evident in Figure 1, the axis of

1 The accessible surface area can be caleulated
separately for the domain-domain contact residues in
N1 and N2 in both the open and closed forms to give 4
quantities: A(N1,0), A(N1,C), A(N2,0). and A(N2,C). By
separately, one means that in calenlating A(N].() none
of the atoms in N2 are considered. The change in
surface area brought about purely by the
conformational changes in interface side-chains is:

ANLOV+A(NZO)— A(N]1 O — A(N2.C) = 100 A%,
Note, this value excludes all burial of surface due to the
relative motion of N1 and N2.
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Table 3
Residues in the large and small interfaces and in the hinges
NI-N2
eontact? Area® Volume?
o C sst Residue 0 C C-0 O ¢ Ay, Ay,
Large —- Ni 2 42 Pro 35 16 - 19 — 130 7 7
interface — J 3 60  Asp 58 10 —48 — 122 (83) (75)
N1 — Vv 3 61 Gly 20 0 ~8 — 66 - —
— v 3 62  Gly 36 2 —34 — 62 — —
- N 3 63 Phe 66 14 —52 — 249 12 33
- v 3 66 Glu 50 24 -26 — — 6 7
— N d 82 Tyr 40 10 —30 — 210 6 22
— v i 253 His 49 19 - 30 — 173 5 1
— N — 296 Lys 154 1M —53 — — 59 {171}
— J — 301 Lys 67 10 —57 — 164 22 (51
— J 11 328 e 27 3 —24 — 171 0 29
N N 1 331 Leu 40 1 ~29 — 196 9 7
J — 1 332 Arg 128 100 —28 — — (39) 6
Large — J — 120 Acg 147 a3 —54 — — 31 (14)
interface — N 5 121 Arg 54 20 -3 — — 14 3
N2 N N 5 122 Thr 38 0 —38 — 130 3 —
v N) 5 126  Asn 44 11 ~33 - 127 9 9
J - 5 129 1le 0 0 o 184 165 3 34
Ny 4 — 141  Pro 1 68 —4 — — 3 0
J — 6 145 Ile 27 13 —14 — 170 13 (101)
— v — 183  Phe 102 43 —59 — — 1 12
— J 7 192 Tyr 49 6 —43 — 188 2 2
— J 7 193 Ser 60 22 —38 — — (62) —
— J h 210 Arg 52 3 —49 — 179 (53) 27
— N 8 216 Gl 131 67 —64 — — 23 5
— v 8 217 Asp 53 a8 —15 - — 11 31
Sum/Avg® 1599 74 —B95 2502 9 14
Small J — 11 323 Gly 27 55 28 — — — —
interface v N 11 324 Tyr 4 25 1 204 — 10 (57)
N1 Vv — 11 327 Al 1 48 47 89 — — —
N J 11 330 Asn 18 29 il 134 - 0 14
Vi J — 333 Lys 43 63 20 — — (42) 22
Small v v 5 127 Val 0 13 13 128 136 2 —
interface ) Vv 5 130 Gly o 35 35 63 — — —
N2 J — 5 131 Thr % 50 14 - — 14 -
Ny N 5 133 Arg 5 30 25 211 — 14 (60
— — 5 134  Pro 42 82 40 — — 24 32
Vv N4 — 138 Trp 8 25 17 229 - 13 4
v — j 247  Leu 9 24 15 164 — 15 (37
N — j 248 Ala 1 32 31 87 — — —
Sum{Avg® 204 511 307 1309 12 18
Hinge 1 — 89 Arg 77 49 - 28 — — (96) 17
— 9 Thr 24 42 18 — — {50) —
e 91 His 24 27 3 — — 3 (41
e 92 Tyr 30 0 ~30 — 185 11 18
Hinge 2 i 249 Arg 28 133 105 — — 26 (61
i 250  Val 10 2 -8 126 127 (75) —
i 251 Pro 14 21 7 133 — 8 1]
j 252 Ser 4 0 —4 93 94 16 —
Environ- d 79 Ala 1 0 —1 9 88 — —
ment d 80 Glu 2 1 -1 155 150 20 28
of the d 81 Val 18 15 —3 145 l4g 2 —
hinge' — 87 Gin 118 139 a1 — — {124) (95)
e 93 Tyr 9 5 -4 193 220 12 7
e 94 Ala ! 1 0 91 88 — —
j 254  Ala 1 0 -1 95 9] - —
k 308 Ser 27 29 Z — — (37 —
10 319 Tyr 3 10 7 203 198 5 1]
10 320 Leu 0 7 7 160 165 8 6

Sum/Avg 394 481 90 1671 1546 12 14
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Table 3 continued

*Each interface residue makes at least one contact between the domains. Contacts were defined as atoms separated by less than the
sum of their van der Waals radii plus 0-6 & and found using programs written by A. M. Lesk. Whether the coniact oceurs in the open
{((h or closed (C) form is indicated in the Table,

"Cotumn S8 refers to the secondary structure that a given residue has.

“Accessible surface area (Lee & Richards, 1971} in the open and closed form was calculated with the program ACCESS (M.
Handschumacher & F. M. Richards, 1983). The caleulations were deng en the N and C lobe together. They did include the iron and the
(0%~ ion but excluded erystallographie “bound’™ waters and a weakly bound, poorly defined EDTA molecule.

YResidue volume in the open and closed form was calculated using the program VOLUME (Richards, 1979). Rather than the original
Voronoi procedure, in which a plane bisects the interatomic vector, Richards’ method B was used. Method B uses the ratio of the van
der Waals or covalent radii of neighboring atoms to proportion the interatomic vector. Radii for both surface and volume calculations
were taken from Chothia (1975). The volume caleulations were done on the whole molecule, N and € lobe together. They included all
crystallographic bound waters, the irons. and all other ligands. Volumes for residues that have accessible surface area of 20 A% or more
are not shown.

¢Also listed is the change (between cpen and closed form} in the first 2 side-chain torsion angles. Movements more than 35° are
indicated by parentheses.

"The environment of the hinge is defined as the residues that are not in either the large interface, the small interface, or the 2 hinge
regions, hut that make contact with the hinge residues.

¥This row shows the total area and volume for each grouping, the large and small interfaces and the hinge and its environment. Jt also
shows the average of all torsion angle changes less than 35°, i.e. the average of those changes not enclosed by parentheses. For
comparison, the standard residue volumes listed by Chothia (1984} can be used to compute the volumes of the interfaces. Doing this
calculation for the large interface in the closed form and the small interface in the open form, one finds the total volumes are 2525 A®
and 1338 A3, respectively, These volumes ugree with total volumes listed in the Table {to within 39,), and this agreement provides
further indication that the interfaces are close packed.

helix 11 is roughly parallel to the screw axis,  particular, two small side-chains (Ala327 and

Consequently, upon closure helix 5 rotates ~ 50°
around helix 11 {see the legend to Fig. 1). However,
since the helix 11 axis is displaced from the origin of
the screw axis, helix 11 and helix 5 translate and
move apart by 2 A (as measared from the distance
between helix axes). As shown in Figure 5(a}, this
motion exposes one part of the 5-11 interface. Tn

Gly130) at the center of the interface pack closely in
the open form. However, in the closed form they
lose contact, and a cavity, filled by three water
molecules, is formed between them. The residues
immediately surrounding Gly130 and Ala327 are
large and retain contacts in both forms.

The motion of helix 5 relative to helix 11 buries

(a} (b}

Figure 4. The large and small interfaces in lactoferrin. The view for both parts of the Figure is down the screw axis as
in Fig. 1, and the screw axis is indicated by a circle with a dot in it. (a) Differences in accessible surface area of the
residues in the large and small interface. Dark cireles show the residues more exposed in the closed form, and lightly
shaded circles show the residues more buried. (b) Change in packing of the residues in the large and small interfaces.
Dark circles show residues that close pack in the open form only; lightly shaded circles show residues that close pack in
the closed form only; and lightly shaded circles with a dark border show residues that close pack in both forms.
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Water
Helix 11

Figure S, Slices through the van der Waals envelope of lactoferrin. In both parts of the Figure, the open form is shown
at left and the closed form at right, and N1 is represented by a thin black line, and N2, by a dosted black line. In {a, top),
the molecule is orientated go the viewer is looking down the screw axis, as in Fig. 1. However, in (b, bottom) the molecule
is tipped slightly so the viewer is looking down the cleft. In this “‘cleft” view, the 2 domains appear most separate, and
the screw axis is inclined ~ 35° to the page normal. (a, top) The small interface. Helix 5 is shown in light gray and helix
11 in dark gray. When these 2 helices separate in the closed form, 3 water molecules (the 38th, 39th, and 40th waters in
the Brookhaven file) fill the gap. One of these water molecules (38) is indicated. (b, bottom) The large interface. The
main-chain atoms of the hinge (89 to 92 and 249 to 252} are shown in bold black line, and the side-chain of Tyr92, in light

gray line. The iron is shown in dark gray.

another part of the 5-11 interface. This is evident in
the decrease in accessibility and increase in close
packing of a number of residues listed in Table 3
{Argl21, Thrl22, Asni26, 1lel29, Proldl, Tields,
Ile328, Leu33l, and Lys332). To maintain their
packing three of these residues change conformation
(Lys332, Tlel4b, and, to a lesser extent, Tie328). The
alternate exposing and burying of parts of the 5-11
interface strongly contrasts with the motion of
packed helices involved in shear motions as in
citrate synthase or in insulin. In shear motions
helices retain the same close-packed confignration,

and this close-packing, in turn, constrains main-
chain motions to be less than ~2 A (Chothia et af.,
1083).

5. Environment of the Hinges
(a) Sides facing the large and small interfaces

The two hinges lie on the screw axis and so face
toward both the large and small interfaces.
Consequentiy, upon closure the side of the hinges
that faces towards the large interface becomes more
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Table 4
Transferrin sequences in the hinge regions

2 2 2 2 2 2

Species® 58 8§ 8 9 9 9 4 4 5 5 5 5
8 B 0 1 2 3 8 9 0 1 2 3

Human Lactoferrin P R T H Y Y A R VvV P 8 H
Mouse Lactoferrin P R T H Y Y AlQ|lVvV P S8 H
Cow Lactoferrin P(Q(T H Y Y AlQlV P 8§ H
Pig Lactoferrin PIQIT!IY]Y ¥ A R VvV P 8 H
Human Transferrin P|Q|]T | F]Y Y A v P 8§ H
Rabbit Transferrin PIK|T{F]Y Y A R vV P 8 H
Pig Transferrin P|QT H Y Y A|1Q [V P 8 H
Harse Transterrin PlQ!T H Y Y A8 TP S H
Frogh Transferrin T DT|C YilajKJVv PjAaln
Chicken Ovotransferrin s T|T |8 Y A R V[A A|H
Human Melanotransferrin vV G T ]8 Y A R ¥V PIA|H
Hornworm® Transferrin A P P R B Al A R|P W @

*Sequence nombering is for the human lactoferrin, the sequence and structure discussed here.
Sequences are from the sequence databanks, PIR and SwissProt.

b X enopus laevis.
cManduca sexta.

buried while the side that faces toward the small
interface becomes more exposed (Table 3). The
burying of the large-interface side iz most inter-
esting. In a pure hinge motion the packing at the
base of the hinge is crucial. There is little space for
accommodation, and the two interfaces must fit
together perfectly to avoid steric clashes.
Furthermore, in a true hinge the deformation takes
place over only a few main-chain torsion angles, so
there 13 little freedom for slight adjustments to
improve the fit of the interfaces. Such character-
istics of an ideal hinge are found in lactoferrin. In
the cloged form, the atoms of the hinge pack ciosely
with the large interface and with the iron and the
CO3 " ion. Tyr92, in particular, is slightly exposed in
the open form, as shown in Figure 5(b). However, in
the closed form it is able to fit snugly at the very
base of the hinge without large changes in its side-
chain torsions. As one of the four iron ligands, it is
eompletely buried.

There is a large water-filled cavity near the iron in
the closed form (Anderson et al., 1989). It does not
appear to affect the hinge directly but it perhaps
facilitates the overall packing of the large interface.

(b} Main-chain of the hinges

In most sections of a protein the main-chain is
deeply buried beneath layers of side-chains. There is
little freedom for large torsion angle changes. Such
steric constraints necessitate that many protein
movements proceed by shear mechanisms, which
involve small forsion angle changes distributed over
many residues. In lactoferrin, the main-chain atoms
of the hinge are remarkably free from steric
constraints. In fact, in the open form, the main-
chain atoms of Thr90, His91, and Pro251 make no
contacts with the rest of the protein; the main-chain
atoms of Arg249 make only one contact; and the
main-chain atoms of Tyr92 and Val230 make only

three contacts per residue. (Contacts are calculated
between the two hinge regions taken as a whole, 89
to 92 and 249 to 252, and the rest of the protein, 1
to 88, 93 to 248, and 253 to 691.) This unusual
packing is clearly visible in Figure 5(b) and is
present only in the open form. Given only the open
form, it seems possible to identify the hinges.

There are, however, additional contacts involving
main-chain atoms within the hinge region. In parti-
cular, there are four hydrogen bonds “internal” to
the hinges (252 N.--O 90, 89 NH1.--0 91, 250 N---O
92, 92 N.--Q 250). These are maintained in both
open and closed forms and may help co-ordinate the
motion of the two hinges.

The absence of main-chain packing constraints
with the rest of the protein, coupled with many
“internal”’ hydrogen bonds, was also found in the
hinged mechanisms in lactate dehydrogenase
(Gerstein & Chothia, 1991) and in adenylate kinase
(Gerstein et al., 1993) and appears to be a crucial
structural requirement for hinged motion.

{c) Sequence conservation in the hinges

The sequences of at least 12 transferrins have
been published, and in Table 4 they are compared
around the two hinges. Except for the hornworm
sequence, which is very different, the 12 sequences
are very similar around the hinges. The metal
ligands, Tyr92 and His253, are, of course, conserved
for functional reasons, Close-packing in at least one
form (open or closed) explains why Tyr93, Ala248,
Val250, and Pro251 are conserved. This close-
packing and conservation is also true, to a lesser
extent, for Pro88 and Ser252. Conversely, the expo-
sure and absence of closepacking in both forms
explains why Arg89 and Arg24% are not conserved.
The low sequence conservation of these two side-
chains, in turn, suggests that their motion iz a
consequence rather than a cause of the domain
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closure. As Thr90 is exposed, its conservation is
hard to explain. Two proline residues are present in
most of the transferrin sequences. Prolines are also
present in the hinge regions of several bacterial
binding proteins (Mowbray, 1992) and could
perhaps modulate the motion at the hinge.

6. Dynamic Implications of the Hinge Motion

The dynamics of the lactoferrin domain move-
ment depend on how easily the hinge motion can
assemble the interfaces and, in particular, the iron-
binding site; the different interactions at the inter-
faces in the open and closed forms; and the energetic
details of the conformational change in the hinge
region itself.

The conformational change in lactoferrin requires
that some of the groups that bind the iron be
located on one domain and some on the other. One
iron-binding group (Asp60) is on the N1 domain,
three (Tyr192 and two oxygens from a bound COZ%-
jon) are on the N2 domain, and the remaining two
{(Tyr92 and His253) are on the fwo interdomain
strands containing the hinges. The location of the
hinges with respect to the last two groups is critical.
Tyrd2 is two residues removed from the hinge on
the N2 side while His253 is two residues removed on
the N1 side. The hinges, thus, neatly split these two
iron-binding groups, and Tyr92 moves with N2, and
His253, with N1.

The movement of Tyr92 with N2 means that N2
provides four of the six iron-binding groups.
Presumably, N2 serves as the site of initial binding
{Anderson ef ai., 1990). This primary role for N2 is
supported by the recent structural analysis of a
proteolytic fragment of duck ovotransferrin,
comprising just the N2 domain (P. F. Lindley,
personal communication). In this structure iron is
bound to the CO3~ ion and to two tyrosine residues
just as in the intact molecule. Once iron is hound to
N2, the domain closure allows Asp60 and His253 to
bind the iron and complete the metal co-ordination.
Asp60 helps lock the two domains together with an
interdomain hydrogen bond (Anderson et al., 1989).
The hinge motion is thus able to assembie the iron-
binding site with no major impediments.

Furthermore, two simple structural observations
made in the previous sections snggest that the open
and closed states are similar in energy. First, the
hinge hag a facile nature that only requires torsion
angle changes in the normally allowed region of the
Ramachandran diagram. Second, because of the
small interface, upon eclosure the exposure and
burial of protein surface is more balanced than it
would otherwise be. The similarity in energy of the
open and closed states, in turn, implies that in
solution unliganded lactoferrin exists in a dynamic
equilibrium between open and closed states. Only
when the iron binds is the molecule locked into a
single state (Baker et af., 1991). {Such an equili-
brium is consistent with the closed but iron-free
state of the C-lobe in apolactoferrin. 1t is also corro-
borated, albeit indirectly, by the closed but

unliganded conformations that have been found for
the arabinose binding protein (Sharff et al., 1992,
and references cited therein). As discussed in a
following section, this protein is similar in structure
to lactoferrin.)

The similarity in energy of the open and closed
states also suggests that little energy is needed to
stabilize the closed state and that the energy of the
bonds to iron are primartly responsible for the very
tight binding (K yinaing ~ 10°°, Aisen & Listowsky
{1980}}.

7. Hinged Domain Motion in Other Proteins

Domain motion in lactoferrin involves two simple
hinges and a see-saw motion between close-packed
interfaces. To highlight the features of the lacto-
ferrin mechanism that are of general relevance, it is
instructive to compare its motion to other examples
of hinged domain motion and then to contrast it
with examples of shear domain motion.

{a) Hinged mechanisms in the periplasmic
binding proteins

Lactoferrin has a structure similar to a number of
other proteins, As pointed out previously {Baker et
al., 1987), the N1 and N2 domains of lactoferrin
share a similar structure and topology with the
group [T periplasmic binding proteins, which
include the sulfate, phosphate, maltodextrin, and
LAQ (lysine-, arginine-, ornithine-} binding proteins
{Luecke & Quiocho, 1990; Ptugrath & Quiocho,
1988; Spurline et al., 1991; Kang ef al., 1991). The
two lactoferrin domains are aiso similar to domains
1 and 2 of porphobilinogen deaminase {Louie ef al.,
1992) and to the two domains in the N-terminal lobe
of the transferring (Sarra ef ¢f., 1990). All the struc-
tures have ~ 300 residues in two domains, each of
which has helices packed on either face of a central
sheet, and two equivalent polypeptide linkages
between the domains. The periplasmie binding pro-
teins also have similarities with lactoferrin in terms
of the construction of the binding site: iLe. both
domains provide ligand binding groups, but one
domain provides most of the groups and so serves as
an initial site of attachment (Quiocho, 1990}.

The maltedextrin binding protein (Sharff et al.,
1992; Spurlino et al., 1991) has been solved in both
open and closed forms. Sharfl ef af. describe the
domain closure motion as a 35° rotation about an
axis through the hinge region followed by an 8°
rotation about a perpendicular axis. There are iarge
and highly localized torsion angle changes in the
three linkages spanning the domains. Two of these
linkages are structurally equivalent to the lacto-
ferrin hinges.

(b} Hinged mechanisms in adenylate kinase,
tysozyme, and immunoglobulins

Hinged motions have been found in three proteins
less closely related to lactoferrin than the binding
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proteins: adenylate kinase, lysozyme, and the
immunoglobuling. In adenylate kinase the motion
about two pairs of joints on either side of two
helixes enables a small domain to move up to 37 A
to cover the active site (Gerstein ef al., 1993; Schulz

et al., 1990). The 88° total rotation of this domain is .

considerably more than the rotation of N2 in lacto-
ferrin and might not have been possible with only a
single pair of hinges. It is divided into ~ 30° and
~ 60° rotations from each of the two pairs of
hinges.

Two mutants of T4 lysozyme, 1te3 to Pro and
Met6 to Ile, have domain movements (Dixon ef al.,
1992, Faber & Matthews, 1990). Depending on
which space group they crystallize in, these mutants
either have structures very simiiar to the wild-type
or differ from it by a range of rigid-body domain
rotations up to 32°. These domain motions appear
to be a consequence of the loss of close-packing
created by the mutation. In contrast to lactoferrin,
which has two hinges both located on f-strands,
lysozyme has one hinge which is located on a long
helix. The motion of the lysozyme hinge may have
some relation to the low-frequency modes identified
in normal-mode analysis {Bruccoleri et al., 1986;
Levitt ef al., 1985).

The well-known hinged domain motion in
immunoglobulins presents a special cage that should
be carefully distingnished from that in lactoferrin.
In this motion, known as *‘elbow motion,” the
V,.-Vg dimer rotates over a range of ~ 50° relative
to the (;-Cy, dimer. Like lactoferrin, the elbow
motion involves highly localized deformations in
two peptides (i.e. hinges) that link the V -V and
Cy-Cuy dimers. However, thronghout the motion the
V.-V dimer slides in an almost shear fashion across
a continuously maintained interface with the C -Cy,
dimer. This sliding motion is very different from the
see-saw motion in lactoferrin, In structure, the
elbow-motion interface resembles a molecular “ball-
and-socket” joint (Lesk & Chothia, 1988). Because
this special interface does not involve interdigi-
tation of side-chains, it is “smooth” and facilitates a
motion over a continuous range of relative
orientations,

8. Conclusion; Hinge Motions versus
Shear Meotions

The hinged domain motion in lactoferrin is the
structural opposite of the shear motions found in
other instances of domain closure. It is worthwhile
to conclude by highlighting this contrast. Shear

motions are produced by the cumulative effects of
several 1 to 2 A shifis between close-packed
segments of polypeptide. They are found in citrate
synthase, alecohol dehydrogenase, hexokinase, trp
repressor, glyceraldehyde-3-phosphate dehydro-
genase, and aspartate amino transferase (Lesk &
Chothia, 1984; Lawson e al., 1988; Skarzynski &
Wonacott, 1988; McPhalen ef al., 1992},

In shear motions the local mation of two elements
of secondary structure, usually helices, is across and
parallel to the plane of their interface. The interface
itself shears. The interface side-chains usually have
torsion angle changes less than 20° and retain their
same packing configuration throughout the motion.
They move between conformational states of nearly
the same energy without crossing iarge energy
barriers (Elber & Karplus, 1987, Rojewska & Elber,
1990; Frauenfeider et af., 1991). The main-chain
atoms involved in shear motions are constrained by
close packing. Consequently, a shear motion is
produced by small torsion angle changes spread
over many angles, and the overall motion is the
resultant of many small local motions.

In contrast, in the lactoferrin hinge motion, the
main-chain can have large torsion angle changes in
the hinges because it is free from packing
constraints. The overall motion can be described as
a 54° rotation about a screw axis that passes
through the hinges. The rotation axes for four of the
five principal torsion angle changes are roughly
aligned with this screw axis, so the local changes in
the hinge are clearly related to the overall motion.
The overall motion is almost perpendicular to the
plane of the large and small interfaces and involves
the alternate exposing and burying of the two inter-
face surfaces. The interface side-chains change con-
formation to some degree, but to a large extent the
interfaces are preformed when open to match when
closed. The packing at the base of the hinge, accom-
plished by Tyr32 in lactoferrin, is particularly
critical.

The unconstrained main-chain atoms evident in
Figure 5 are the structural signature of the hinge. If
these main-chain atoms had been surrounded by
tightly packed side-chains, they would not have
been free to kink so sharply. Their deformation
wouid be spread over more residues, and the hinge
motion would turn into a shear motion.
Consequently, both the analysis here of lactoferrin
and a previous analysis of the lactate dehydro-
genase loop (Gerstein & Chothia, 1991) suggest that
it is possible to predict whether a particular stric-
tural element is able to move by a hinged motion by
the number of steric constraints on it.
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APPENDIX

Descriptions of Rigid-body Motion
Useful for Studying Domain Closure

Two standard results from geometry were parti-
cularly useful in the study of protein domain move-
ments:  “serew  motions”  and  rotational
decomposition. Here they are presented in terms of
simple formulae which should be immediately
applicable to the analysis of protein movements.
Screw motions have been used to study protein
movements before but the formalism presented has
been somewhat different (Colonna-Cesari et al.,
1986; Muirhead ef al., 1967). Diamond (1990} has
presented a decomposition formalism for the
rotations involved in diffractometry.

{a) Screw motions

1f a set of points X (i.e. the atoms in a protein
domain) moves as a rigid body, the transformation
x —+ x' is expressible as a rotation R followed by a
translation T:

x' =Rx+T.

Up to a sign, the rotation R has a unique axis n and
magnitude x (e.g. see Goldstein, 1980). (By conven-
tion, n is a normalized vector along the rotation
axis, and the rotation « is positive if it increases in a
counterclockwise direction when viewed looking
down n towards the origin.) However, the trans-
lation T depends on the origin of the co-ordinate
system. An origin X, can always be chosen (up to
arbitrary translation along n) so that the trans-
lation is parallel to the axis of rotation. Such choice
of origin gives the smallest possible transiation. If
the initial and final co-ordinates refer to this origin,
the entire transformation is referred to as a “‘screw
motion’:

(x'—xo) = R(x—Xx,} + Tu,

where the parallel component of the translation is
T, = n(n-T), the perpendicular component is T, =
T~T,, and the origin is:

1

Xp = E(TJ_-I-nle cot g)

(b) Rotational decomposition

Given a rotation R, with axis 0 and magnitude x,
and any direction n,, the rotation R can be decom-
posed into a rotation R, around n; followed by a
rotation R, about an axis n, perpendicular to n,(n,
n,, n, denote unit vectors). The magpitude x; of
rotation Ry is given by:

tnxl n nhanx
an — =N, —=.
2 1 P

The perpendicular axis n, and rotation angle x, can
then be found by expressing the axis of R; =
RR{! in terms of direction cosines.
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