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Abstract: Contacts with neighboring molecules in protein crystals inevitably restrict the internal
motions of intrinsically flexible proteins. The resultant clear electron densities permit model build-
ing, as crystallographic snapshot structures. Although these still images are informative, they could
provide biased pictures of the protein motions. If the mobile parts are located at a site lacking
direct contacts in rationally designed crystals, then the amplitude of the movements can be experi-
mentally analyzed. We propose a fusion protein method, to create crystal contact-free space
(CCFS) in protein crystals and to place the mobile parts in the CCFS. Conventional model building
fails when large amplitude motions exist. In this study, the mobile parts appear as smeared elec-
tron densities in the CCFS, by suitable processing of the X-ray diffraction data. We applied the
CCFS method to a highly mobile presequence peptide bound to the mitochondrial import receptor,
Tom20, and a catalytically relevant flexible segment in the oligosaccharyltransferase, AgiB. These
two examples demonstrated the general applicability of the CCFS method to the analysis of the
spatial distribution of motions within protein molecules.
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Introduction

The dynamical view of protein molecules is essential
for understanding their biological 1-3
Although NMR spectroscopy is generally considered
to be the method of choice to analyze protein dynam-
ics,* the strong nonlinear distance dependency of
NMR data hinders the proper analysis of internal
protein motions when large amplitude motions
exist.> An average structure inevitably skews when
a single structure is assumed. In contrast, an
unbiased spatial view of motions is expected by crys-
tallography. From a practical standpoint, however,
the molecular contacts in crystals restrict the inter-
nal protein motions, unless the mobile parts are for-
tuitously located at a site lacking direct contacts
with neighboring molecules in the crystal. Conse-
quently, the structures determined by protein crys-
tallography should be regarded as snapshots of
fluctuating proteins. A mobile part of a protein or a
moving ligand in a bound state is trapped in one
possible state/conformation in the protein crystal lat-
tice, and generates a clear electron density that
allows model building. These crystallographic snap-
shot structures provide valuable information about
the plasticity, if multiple snapshots are available,
but could be misleading by overlooking the dynamic
aspects due to the limited sampling of states/confor-
mations.%” X-ray crystallography at room tempera-
ture has recently emerged as a new method to
access protein conformational ensembles.® The con-
tact network analysis of the room-temperature
structures focuses on the analysis of the rotamer
distributions of the amino-acid side chains. To inves-
tigate the large amplitude motions within protein
molecules, another experimental methodology is
required.

An interesting situation arises when the mobile
protein segment or ligand is located at a site lacking
direct contacts with neighboring molecules in the
crystal (Supporting Information Fig. S1). Such crys-
tal contact-free space (CCFS) occasionally forms in
protein crystals, but CCFS has not been used proac-
tively as an analytical tool to study protein motions
so far. Here we propose a fusion protein method, to
create CCFS in protein crystals and to place the
fluctuating segment/ligand in the created CCFS.
The idea of using fusion proteins in crystallography
is not new; for example, they are used in protein
crystallization as crystallization chaperones,'®!! but
we applied the fusion protein-based approach for a
distinct purpose. When few contacts with neighbor-
ing molecules exist, the electron densities of the
mobile elements become weak or even invisible. In
traditional practice, such electron densities have
simply been ignored, because an enforced model
building for the faint electron density will not be
supported by a simulated annealing-omit map'? or

functions.

Matsuoka et al.

an averaged kick-omit map construction.'® Here, we
showed that the dynamic aspects could be recovered
from the abandoned information as smeared electron
densities in CCFS, when combined with suitable
data processing.

We applied the CCFS method to a presequence
peptide in the binding site of the Tom20 protein.
Tom20 resides in the mitochondrial outer mem-
brane, where it functions as a receptor for prese-
quences (mitochondrial signal sequences) for
efficient import of mitochondrial matrix and inner
membrane proteins into mitochondria.'**® The
analysis of the binding mode of a presequence to
Tom20 is particularly suitable as a test case, because
the large amplitude motions of a presequence in the
bound state are considered to be the structural basis
for the promiscuous recognition of mitochondrial
presequences.'” We also applied the CCFS method
to a catalytically relevant flexible segment in the
AglB protein. AglB is an archaeal oligosaccharyl-
transferase (OST) that catalyzes oligosaccharide
chain transfer to asparagine residues in glycopro-
teins.’® These two examples demonstrated the gen-
eral applicability of the CCFS method, as an
analytical tool for investigating the spatial aspects
of protein internal motions.

Results

Rational design of the CCFS in the Tom20
crystals

We developed a special protein design to create
CCFS intentionally in protein crystals. The basic
idea is the fusion of a target protein with a tag pro-
tein, via a rigid linker [Fig. 1(A)]. Rigid linkers are
usually used to effectively reduce unfavorable inter-
domain interactions,'® but in this study, they were
used to create isolated space within the framework
formed by the rigid fusion protein. We refer to the
fusion protein (except for the flexible segment/
ligand) as the “CCF'S scaffold” [Fig. 1(B)]. Since the
crystal packing mode of protein molecules is uncon-
trollable, the CCFS scaffold must be designed to
ensure the formation of a space within a protein
molecule that is inaccessible to other molecules.

We selected Escherichia coli maltose binding pro-
tein (MBP) as the fusion partner of the Tom20 protein
[Fig. 1(C)]. We focused on the long C-terminal a-helix
of MBP, which was seamlessly fused to the N-
terminal a-helix in the cytosolic domain of Tom20 to
form a rigid helical connector structure. To place the
presequence binding site in the CCF'S, the number of
amino acid residues inserted or deleted at the junc-
tion site in the connector helix provides one degree of
freedom, which determines the relative orientation
between MBP and Tom20 within the same molecule
[Fig. 1(A)]. Prior to the protein expression experi-
ment, we performed a preliminary computer modeling
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Figure 1. Key techniques to create CCFS in protein crystals. (A) Design of a fusion protein with a rigid a-helical connection.
The relative orientation of the tag and target proteins can be adjusted as a function of the number of residues inserted/deleted
at the middle of the connector helix. Covalent-bond tethering ensures the full occupancy of a weak-affinity presequence in the
binding site. (B) Concept of the CCFS scaffold. The CCFS can be intentionally created in the rigid framework formed by the
“CCFS scaffold,” independent of the packing modes of the protein molecules. The CCFS scaffold (surrounded by black bor-
ders) is a fusion protein connected by a rigid linker. (C) Amino acid sequence of MBP<+4>Tom20-SS-pALDH. The connector
helix is enclosed by the yellow box, and the 4-residue insertion as a spacer is highlighted in orange. A disulfide bond was
formed between the cysteine residue attached to the C-terminus of the pALDH peptide and the single cysteine residue in MBP-
Tom20. The 5-residue deletion, A5, in MBP and the three essential hydrophobic leucine residues in pALDH are highlighted in

yellow and magenta, respectively.

study to estimate the optimal spacer length in the
connector helix, by assuming an ideal a-helical con-
formation. A sufficient amount of space was predicted
to form between MBP and Tom20 with the spacer
lengths of —4, 0, +4, and +8 (Supporting Information
Fig. S2).

We constructed a series of MBP-Tom20 fusion
proteins with spacers containing different numbers
of inserted/deleted residues (—4 to +8) at the junc-
tion site (Supporting Information Table S1). The
basic spacer sequence, KEALQELA, was designed
according to the solvent exposed-buried pattern, eee-
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beebe, based on the helical propensity and hydropho-
bicity of the amino acid residues. All of the
constructs were in the
recombinant E. coli cells (Supporting Information
Fig. S3). We purified the proteins and performed
crystallization screening. Protein crystals were
obtained for the constructs with spacer lengths of 0,
+2, +4, +7, and +8. Among them, the crystal struc-
tures were determined for the constructs with
spacer lengths of +2 and +4 to resolutions of 2.6
and 2.0 A, respectively [Fig. 2(A)] (Supporting Infor-
mation Table S2). We examined the formation of

successfully expressed
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B MBP<+4>Tom20

Figure 2. Effects of the different spacer lengths in the connector helix on the structure and the formation of CCFS. (A) Struc-
tural comparison of two fusion proteins with spacer lengths of +2 and +4. A long, continuous «-helical structure (yellow, con-
sisting of the C-terminal a-helix of MBP, the spacer, and the N-terminal a-helix of Tom20) was formed in the two crystal
structures. The Tom20 proteins are located on nearly opposite sides around the helical axis of the connector helix in the two
structures, as intended. MBP and Tom20 are colored green and cyan, respectively. (B) Formation of CCFS in the crystal of
MBP<+4>Tom20. One molecule in the crystal is colored, and symmetrically related molecules are monochrome.

CCFS in the crystals of MBP<+2>Tom20 and
MBP<+4>Tom20, where <+2> and <+4> denote
the 2-residue and 4-residue insertions in the connec-
tor helix, respectively. In the MBP<+2>Tom20 crys-
tal, an adjacent molecule blocked the Tom20 binding
site, whereas the volume of space around the Tom20
binding site appeared to be sufficient to accommo-
date a presequence peptide in the MBP<+4>Tom20
crystal [Fig. 2(B)]. Thus, we selected the +4 spacer
length for further analysis. This result also con-
firmed the benefit of performing the computer model
building study before the actual experiments.

Tethering for the full occupancy of ligands

In the cases of ligands with weak affinity, the problem
of partial ligand occupancy must be considered. The
dissociation constant of the presequence peptide
derived from rat aldehyde dehydrogenase (pALDH)
for Tom20 is about 250 uM.?° The pALDH peptide
was tethered onto Tom20, to ensure the full occu-
pancy of the presequence in the binding site [Fig.
1(C)]. We added a cysteine residue at the C-terminus
of pALDH, to form an intermolecular disulfide bond
with the single cysteine residue in the fusion protein.
The spacer length (3 residues) between pALDH and
the C-terminal cysteine was optimized in the previous
peptide library experiment.?! The tethered complex is
referred to as MBP<+4>Tom20-SS-pALDH. The
crystals diffracted to a resolution of 1.7 A (Supporting
Information Table S2).

Deletion in the MBP sequence to expand the
CCFS

The structure of the CCFS scaffold, MBP<+4>
Tom20, was determined by the molecular replace-
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ment method. The extra electron density correspond-
ing to the presequence was clearly observed near
the binding site of Tom20, and so a model of the pre-
sequence peptide was built (Supporting Information
Fig. S4). Close examination of the structure sug-
gested the presence of undesired intramolecular
interactions between the presequence peptide and
MBP. To enlarge the CCF'S, we generated a new con-
struct, ABMBP<+4>Tom20, to delete the 5-residue
segment, AP'ATGD®, in the MBP sequence
[Fig. 1(C)]. The crystal of ASBMBP<+4>Tom20-SS-
pALDH diffracted to a resolution of 1.8 A (Support-
ing Information Table S3). During the purification,
we noticed that the A5 deletion reduced the maltose
binding to MBP. The MBP in the crystal lacked a
bound maltose molecule after the structure refine-
ment of the CCFS scaffold. The apo form of MBP
adopts a more open conformation than the maltose-
bound form, which enlarged the CCFS, in addition
to the simple expansion effect of the A5 deletion.

Defining the location of the mobile presequence
in the conventional electron density maps

We did not build a model for the presequence, to
avoid model bias. To locate the presequence peptide
in the binding site, we used the F,—F. difference
Fourier electron density map. However, we did not
see any significant electron densities in the binding
site of Tom20 in the difference map [Fig. 3(A)]. For
confirmation, we attempted to place a helical model
in the binding site of Tom20, with subsequent refine-
ment. As expected, the B factors of the presequence
atoms exceeded 100 Az, and were much larger than
those in the crystallographic snapshots (15 — 50
A%) 1720 After simulated annealing composite omit
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A ASMBP<+4>Tom20-SS-pALDH B ASMBP<+4>Tom20-SS-(N-lodo)pALDH C ASMBP<+4>Tom20-SS-pALDH
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Figure 3. Electron density maps of the disulfide-bond tethered MBP-Tom20 complexes. (A) F,—F. difference electron density
map of ASMBP<+4>Tom20-SS-pALDH, contoured at +30. (B) Anomalous difference map of ASMBP<+4>Tom20-SS-(N-
iodo)pALDH, contoured at +5¢ to locate iodine atoms/ions. The inset shows an enlarged view of the electron density of the
iodine atom in the 4-iodobenzoyl group attached to the N-terminus of pALDH. The electron densities of the bound iodine ions
from the precipitant solution are also clearly visible, but their spherical shapes are easily discriminated from the iodine atom at
the N-terminus. (C) Difference map with truncation of high-resolution reflections at 7 A prior to Fourier transformation, contoured
at +30. Note that the same X-ray diffraction data set was used for map generation in (A) and (C). MBP and Tom20 are colored
green and cyan, respectively. The 4-residue spacer is colored orange. Water molecules included in the molecular replacement

are depicted as blue dots.

map construction to remove model bias, no meaning-
ful electron densities remained in the binding site of
Tom20. Taken together, the invisibility suggested
the large mobility of the presequence peptide in the
binding site, beyond the limits of conventional
treatment.

To detect the presequence, we attached an
iodine atom to the N-terminus of the pALDH pep-
tide. To do so, N-succinimidyl-4-iodobenzoate was
synthesized and used to modify the N-terminal «-
amino group of the presequence (Supporting Infor-
mation Fig. S5). An anomalous difference map
clearly showed the blurred electron density of the
iodine atom close to the expected N-terminal posi-
tion [Fig. 3(B)]. This suggests that the presequence
peptide was actually present, at least partly, in the
binding site of Tom20. Our interpretation is that an
extra, weak interaction of the 4-iodobenzoate group
with the Tom20 protein increased the probability of
the iodine atom existing at a particular position
close to Tom20 [inset of Fig. 3(B)]. Owing to the
enhanced detection ability of the anomalous map,
the iodine atom was located at the partially occupied
site.

Low-pass filter effectively located the mobile
presequence in the difference electron density
maps

We then examined various data-processing techni-
ques, to determine whether they would be effective
to find the location of mobile ligands/segments. We
tested the map sharpening to locate the unmodeled
presequence (Fig. 4). To our disappointment, only
the noise pattern changed due to the over-
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sharpening of the residual amplitudes at high reso-
lution, and ripples resulted from the Fourier series
termination [Fig. 4(B)]. This is because the blurred
local electron density corresponding to a mobile
region, such as the presequence, cannot be enhanced
effectively using the current overall sharpening
method, which assumes one rigid body in the asym-
metric unit.22 Thus, for the selective enhancement of
the mobile part, map sharpening was applied for the
low-resolution reflections, and map blurring was
used for the high-resolution reflections for noise sup-
pression. We found that the simultaneous combina-
tion of sharpening and blurring improved the
quality of the electron density in the binding site of
Tom20 [Fig. 4(C)]. Simple blurring was also effective
[Fig. 4(D)]. Here, we adopted a simpler form of map
blurring, using the truncation (to be precise, zero
padding) of the high-resolution reflections, to avoid
unnecessary amplitude modulation [Fig. 4(E)],
because such amplitude modulation would distort
the shape of the smeared electron density in the
CCFS. The improvement in the signal-to-noise ratio
depends on the choice of the resolution limit (r,;,) of
the truncation for map generation. We found that
Pmin =7 A was optimal to locate the «-helical struc-
ture of the presequence peptide (Supporting Infor-
mation Fig. S6). In contrast, the truncation had no
obviously favorable effects on the quality of the
electron density of the immobile helix in MBP (Sup-
porting Information Fig. S6).

The use of a “free” test data set for cross-
validation caused the quality of the electron den-
sities of the mobile atoms to deteriorate. The sever-
ity of the deterioration depended on the choice of the
free test set (Supporting Information Fig. S7). As

Contact-Free Space in Protein Crystals
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Figure 4. Effects of map sharpening/blurring and truncation on the difference electron density map, contoured at +3a. (A)
Control: no sharpening or blurring was applied. (B) The observed diffraction data (F,) were scaled up using the equation,
Fsharpened = Fo exp[-b(sind/4)?], where b is a sharpening factor, 0 is the scattering angle, and X is the X-ray wavelength. (C)
Simultaneous application of map sharpening for the low-resolution reflections and map blurring for the high-resolution reflec-
tions. The bell-shaped function for scaling is Fsharpened = Fo exp[-b(sin0/2)?-c(sin6/)*]. (D) Simple blurring was also effective. (E)
Truncation of the high-resolution reflections, as a simplified version of the simultaneous sharpening and blurring. MBP, Tom20,
and the 4-residue spacer are colored green, cyan, and orange, respectively.

expected, the choice of the free test set had negligi-
ble effects on the immobile atoms. Various methods
are available to reduce the undesirable effects of the
use of the free test set in the electron density
maps.2?> We adopted the averaging of maps gener-
ated with different free test sets, in a procedure
referred to as “FreeR averaging” in this study. For a
free test set assigned to 5% of the structure factors,
20 maps were calculated and averaged. The specially
processed difference map, with the truncation and
FreeR averaging, clearly revealed an elongated elec-
tron density in the binding site of Tom20 [Fig. 5(A),
in stereo], even though the same diffraction data set
shown in Figure 3(A) was used.

Figure 5(B) shows the close-up view of the inter-
face between two symmetrically related copies of the
elongated electron density. The volume of the CCFS
formed at the interface was not as large as we
expected, but it provided sufficient room for the pre-
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sequence peptide to “move” in the binding site. This
is evident from the fact that the side chains on the
helix3 of the nearest neighboring Tom20 were
clearly visible in the nontruncated electron density
map, and hence no stable close contacts were pres-
ent between the presequence peptide and the helix3
in the crystal.

Interpretation of the electron density in the
CCFS

Tom20 recognizes a b5-residue consensus motif,
oxxop, where ¢ represents a hydrophobic residue
and y represents any amino acid residue, embedded
at various positions within the mitochondrial prese-
quences.?>?* We performed a mutagenesis study to
validate the electron density in the CCFS. For each
mutation, one of the three hydrophobic leucine resi-
dues at the ¢ positions was substituted with a
hydrophilic These substitutions

serine residue.
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Figure 5. Electron densities in the CCFS corresponding to the presequence peptide and disulfide tether in the binding site of
Tom20. (A) Stereo view of the truncated and FreeR-averaged difference map of ASMBP<+4>Tom20-SS-pALDH, contoured at
+30. The electron densities in the binding site of Tom20 were improved by the averaging of 20 maps calculated with different
free test sets, as compared with the map without FreeR averaging in Figure 3(C). Tom20 and the 4-residue spacer are colored
cyan and orange, respectively. (B) Stereo close-up view of the interface between two symmetrically related copies of the elon-
gated electron density. MBP and Tom20 are colored green and cyan in one molecule, and dark green and blue in another mol-
ecule, respectively. The side chains of the helix3 of one Tom20 structure are shown in a stick model. (C) Effects of the essential
leucine substitutions in pALDH on the electron density in the CCFS. These difference maps were generated and drawn in
exactly the same way as in (A). Only the tether parts remained visible in the CCFS.

resulted in affinity reductions ranging from 40- to
200-fold.2° The crystals of the three mutant com-
plexes diffracted to resolutions of 2.1, 1.8, and 1.6 A
(Supporting Information Table S3). Although the
space group and the number of molecules in the
asymmetric unit changed, the CCFS invariably
formed. As expected, the electron density corre-
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sponding to the presequence part almost disap-
peared, but that of the tether part remained visible
in the binding site [Fig. 5(C)] (Supporting Informa-
tion Fig. S8). Even though the mutated peptides
were still located in the CCFS, without the interac-
tions with Tom20, their large motions were beyond
the detection limit of the truncated difference map.

Contact-Free Space in Protein Crystals
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Figure 6. Validation of the electron density in the CCFS of the ASMBP<+4>Tom20-SS-pALDH crystal. (A) Superimposition of
the electron density in the CCFS (magenta mesh) with the three crystallographic snapshots of the pALDH presequence,
depicted as brown (PDB codes 2V1S), orange (2V1T), and yellow (3AX3) ribbon models. The 44 Ca atoms (A%-E7%+Y®6-L114) of
the first three a-helices of Tom20 were superimposed. (B) Superimposition of the electron density in the CCFS (magenta mesh)
with the electron density calculated from the MD simulation (orange mesh). Tom20 and the 4-residue spacer are colored cyan
and orange, respectively. The graph shows the rmsds of the Ca atoms from the mean positions during the MD simulation.

We then compared the electron density in the
CCFS with the three crystallographic snapshots of
the presequence previously obtained by conventional
crystallography.!”2° The electron density in the
CCFS, excluding the tether region, superimposed
well on the three snapshots and appeared to corre-
spond to the volume formed by the intersection of
overlapping electron densities of the presequence
peptide in the binding site of Tom20 [Fig. 6(A)].

The molecular dynamics (MD) simulations of
the Tom20-pALDH complex were previously per-
formed in water without tethering.?’ The electron

Matsuoka et al.

density of pALDH calculated from the MD simula-
tion overlapped well with the electron density in the
CCFS, with the exclusion of the tether region [Fig.
6(B)]. From the MD simulation, we calculated the
amplitude of motions of the presequence in the bind-
ing site, with respect to each Ca atom. The average
displacement from the mean position was about 1.3
A (isotropic B-factor value of 130 A?) for the Tom20-
binding consensus and tether residues [inset of Fig.
6(B)]. The fewer direct crystal lattice contacts may
increase the rigid body disorder of the target pro-
tein. In fact, the average B-factor value of the
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Tom20 part (70 A? for Ca atoms) is larger than that
of the MBP part (30 A?). However, considering the
significantly higher value of the estimated average
B-factor of the presequence (130 Az), the CCFS
method is useful to extract the aspects of the prese-
quence dynamics in the binding site of Tom20.

Design of CCFS in the AgIB crystal

To demonstrate the general applicability of our
approach, we applied the CCFS method to another
protein. OST is a membrane-bound enzyme that cat-
alyzes oligosaccharide transfer to asparagine resi-
dues in glycoproteins.'® The C-terminal globular
domain of OST possesses a binding pocket that rec-
ognizes Ser and Thr residues in the N-glycosylation
consensus sequence, Asn-X-Ser or Asn-X-Thr, where
X is a nonproline residue.2%%” The Ser/Thr pocket is
part of a segment called the “Turn-Helix-Loop
(THL)” in the globular domain.?® A large variety of
snapshot conformations of the THL segment were
observed in the crystals of different OST pro-
teins,2873% suggesting its intrinsic flexibility in solu-
tion. In fact, an NMR relaxation study revealed that
the THL segment of an OST was mobile in solu-
tion.2® The restriction of the segment’s flexibility by
an engineered disulfide bond in another OST rever-
sibly suppressed the enzymatic activity, suggesting
that the flexibility of the THL segment is essential
for the N-glycosylation sequon recognition.®

We selected an archaeal OST protein, AglB, from
Pyrococcus furiosus. The C-terminal globular domain
of AgIB (soluble AgIB or sAglB) contains a long N-
terminal a-helix, which was used as part of the rigid
connector helix [Fig. 7(A)]l. We first performed a
model building study to deduce the appropriate
length of the spacer between MBP and sAglB (Sup-
porting Information Fig. S9). The spacer lengths of
+1, +16, and +20 were chosen for the proper place-
ment of the THL segment in the CCFS. The amino
acid sequences of the spacer were poly-alanine-based
sequences containing glutamate-lysine pairs.3! Crys-
tals were obtained for MBP<+16>sAglB and
MBP<+20>sAgIB, which diffracted to resolutions of
2.6 and 2.1 A, respectively (Supporting Information
Table S4). Close inspection of the MBP<+16>sAglB
structure revealed that the relative orientation of
MBP and sAgIB largely deviated from the expected
arrangement (Supporting Information Fig. S10), due
to the disruption of the helical structure in the long
spacer. In contrast, the MBP<+20>sAglB structure
had similar geometry to the model, and was used for
further analysis.

In the conventional difference Fourier map of
MBP<+20>sAglB, there were no continuous elec-
tron densities corresponding to the THL segment in
the CCFS [Fig. 7(B)]. In the truncated and FreeR-
averaged difference map, clear electron densities
corresponding to the turn (3 res) and subsequent
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helix (9 res) were visible, but the loop (12 res)
remained invisible except for 1 or 2 C-terminal resi-
dues [Fig. 7(C)]. The CCFS formed at the interface
between symmetrically related MBP-sAglB mole-
cules appeared to have sufficient volume, as planned
[Fig. 7(D)]. For reference, the r,;, dependency and
the effect of the choice of the free data set are shown
in Supporting Information Figures S11 and S12.
These results showed that the turn and helix parts
have narrower spatial distributions than that of the
loop.

Discussion

We have proposed a fusion protein method for the
creation of CCFS in protein crystals [Figs. 5(B) and
7(D)], independent of the protein molecule packing
mode in crystals (Fig. 1). We selected MBP as a
fusion partner among many tag proteins, to con-
struct a rigid CCFS scaffold. We successfully used «-
helical spacers up to 20-residues in length, to fuse
the C-terminal a-helix of MBP and the N-terminal
a-helix of the target proteins firmly. The present
study has confirmed that the CCFS in protein crys-
tals can be rationally created with reasonable
efforts. In addition, a preliminary model building
study prior to protein expression is quite useful to
reduce the number of experimental trials (Support-
ing Information Figs. 2 and 9).

The presequence peptide in an «-helical confor-
mation with relatively large amplitude motions in
the binding site of Tom20 was hardly visible in the
created CCFS in the conventional difference electron
density map [Fig. 3(A)], but was detected as a con-
tinuous, elongated electron density in the difference
map with the truncation of high-resolution reflec-
tions [Fig. 5(A)]. The dynamical segment in the C-
terminal globular domain of the AglB protein in the
created CCFS was also visible in the truncated dif-
ference map [Fig. 7(C)]. Map averaging was dispen-
sable in both cases, but it effectively solved the
problem of the use of the free test set for cross-
validation (Supporting Information Figs. S7 and
S12). We obtained an averaged rmsd value of 1.3 A
from the mean positions during the MD simulation,
as the amplitude of the presequence peptide move-
ment [Fig. 6(B)]l. This estimated amplitude value
suggested that the difference map with truncation
has the potential to analyze motions up to 1.5 A
rmsd from the mean positions. Obviously, without
any proactive CCFS designs, the truncation of high-
resolution reflections prior to map generation and
FreeR averaging of the generated maps should be
effective to find the location of loosely-bound small
ligands and short segments, in the context of larger
proteins that provide a rigid framework, if such
mobile parts are fortuitously located in a spontane-
ously formed CCFS. In fact, the truncated difference
map revealed the mobile C-terminal tail segment of

Contact-Free Space in Protein Crystals



A MBP (K1-1368)

KIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIK
VTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFG
GYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNG
KLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDK
ELKAKGKSALMFNLQEPYFTWPLIAADGGYAFK
YENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKH
MNADTDYSIAEAAFNKGETAMTINGPWAWSNID
TSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAA sAgIB (W491-H967)
SPNKELAKEFLENYLLTDEGLEAVNKDKPLGAV N ' THL segment
ALKSYEEELAKDPRIAATMENAQKGEIMPNIPQM N-terminal a-helix 9
SAFWYAVRTAVINAASGRQTVDEALKDAQTRI— AAAKAEAAAKAEAAAKAAAA —WEDALKWLRENTPEYSTATSWWDYGYWIESSLL
DRDHILALFLARL

X il i Spacer
C-terminal a-helix <’:20> ESWELNYFLVYLNDWAKFNAISYLGGAITRREYN

GDESGRGAVTTLLPLPRYGEKYVNLYAKVIVDVS
NSSVKVTVGDRECDPLMVTFTPSGKTIKGTGTCS
DGNAFPYVLHLTPTIGVLAYYKVATANFIKLAFGVP
ASTIPGFSDKLFSNFEPVYESGNVIVYRFTPFGIYK
IEENINGTWKQVYNLTPGKHELKLYISAFGRDIENA
TLYIYAINNEKIIEKIKIAEISHMDYLNEYPIAVNVTLP
NATSYRFVLVQKGPIGVLLDAPKVNGEIRSPTNIL
REGESGEIELKVGVDKDYTADLYLRATFIYLVRKS
GKDNEDYDAAFEPQMDVFFITKIGENIQLKEGENT
VKVRAELPEGVISSYKDELQRKYGDKLIIRGIRVE
PVFIAEKEYLMLEVSASAPHHHHHHHHHH

B MBP<+20>sAgIB

THL segment

C MBP<+20>sAgIB (in _stereo)
Difference map with truncation at 7 A and FreeR averaging

C-term segments in the C-term segments in the
symmetry-related molecules symmetry-related mo\lecules \
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2,

S

C-terminal
segment

uninterpretable densities uninterpretable densities

Closeup view of a contact site (in stereo)
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W
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£

Figure 7. Electron density maps of the MBP-sAgIB fusion protein. (A) Amino acid sequence of MBP< +20>sAgIB. The connector

helix is enclosed by the yellow box, and the +20 spacer is highlighted in orange. The THL segment and the C-terminal segment,

which were not included in the CCFS scaffold, are highlighted in cyan and yellow, respectively. (B) F,—F difference map, (C) trun-
cated and FreeR-averaged difference map (in stereo), and (D) close-up view of a crystal contact site (in stereo) of MBP<+20>sAgIB,
all contoured at +30. Note that the same X-ray diffraction data set was used for map generation in (B-D). The 3-residue turn struc-

ture of the THL segment consists of the underlined residues in the well-conserved WWDYG motif. The first Trp residue of the

WWDYG motif is part of the CCFS scaffold, and its side chain is depicted as a yellow stick model in (C). The invisible, highly mobile
loop of the THL segment is shown as dashed lines. MBP, sAgIB, and the 20-residue spacer are colored green, cyan, and orange in

one molecule, respectively. sAgIBs in other fusion protein molecules are colored blue, and labeled with sAgIB’ and sAgIB”.
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sAglB, in addition to the THL segment [Fig. 7(C)].
The size of the electron density suggested that it cor-
responds to the first 4 or 5 residues of the invisible
12-residue segment (4 sAglB residues and 8 His-tag
residues). Finally, although we used truncation at
Pmin = 7 A in this study, the resolution limit of the
diffraction measurement (d,in) should be as high as
possible, for the accurate molecular replacement and
refinement of the CCFS scaffold. In our case, dmpin
was 1.6-2.6 A (Supporting Information Tables S3
and S4).

The bulk solvent is the disordered water and
ions filling the intermolecular space between protein
molecules, and it attenuates low-resolution reflec-
tions. Bulk solvent correction is necessary to account
for the attenuation effect.>*3® The bulk solvent cor-
rection may have significant impacts on the quality
and accuracy of the electron density in the CCFS,
since the truncated difference maps are generated
only from low-resolution data. We compared the
map generated by the program REFMAC5 [Fig.
5(A)] with those generated by the programs CNS
and PHENIX, using the same CCFS scaffold (MBP-
Tom20) structure refined by the program REFMACS5
(Supporting Information Fig. S13). The three pro-
grams produced similar shapes and volumes of the
electron density in the CCFS. This comparison indi-
cated that different implementations of the bulk sol-
vent correction did not cause significant differences
in the electron density in the CCFS. Improvements
of bulk solvent correction methods will benefit CCFS
crystallography in the future.

Our current working hypothesis is that “a rapid
equilibrium of multiple states with partial recog-
nitions” is the molecular basis for the promiscuous
binding of the Tom20 receptor to diverse mitochon-
drial presequences with nearly equal affinities.!”2°
The smeared electron density in the difference elec-
tron density map corresponded to the partially-
overlapped volume among the multiple poses of the
presequence helix [Fig. 6(A)], but did not allow us to
estimate the amplitude of the presequence helix
motions in the binding site. Thus, the results pre-
sented in this work are mostly confirmatory of our
previous structural studies. In the future, better dif-
fraction measuring and data processing will improve
the signal-to-noise ratio of the difference electron
density maps, and reveal the spatial distribution of
the moving «-helical presequence peptide experi-
mentally. Obviously, the influences of the non-
physiological solution conditions required for crystal-
lization must be considered when interpreting the
electron density in the CCFS.

In protein crystallography, protein crystals are
routinely frozen prior to X-ray diffraction measure-
ments, to avoid radiation damage. Thus, the prese-
quences in the CCFS do not literally “move,” but
thermal motions in solution are observed as static
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disorder in a glassy state in frozen crystals. Conse-
quently, the electron density in the CCFS obtained
at a cryogenic temperature does not fully represent
the kinetically trapped ensemble
temperature equilibrium, because a substate popula-
tion shift is unavoidable during the flash-cooling of
crystals, due to unit cell contraction and water
remodeling.?*3% In fact, a small displacement was
found between the experimental electron density in
the CCFS and the simulated electron density [Fig.
6(B)]. A promising solution is room-temperature X-
ray diffraction measurement. A detailed comparison
of the high-resolution electron density maps of dihy-
drofolate reductase (DHFR), measured at room and
cryogenic temperatures, revealed that cryocooling
induced artificial biases in the rotamer distributions
of the side chains.?® At the main-chain level, a nar-
rower distribution of a loop structure was also
detected after cryocooling, but the movement of the
averaged position
temperature X-ray diffraction measurements of pro-
tein crystals with CCFS will reveal the unbiased
movements of protein segments in the future.

Finally, the concept of CCFS is not limited to
the analysis of protein dynamics. Other potential
applications include correcting the distorted protein
conformations induced by the crystallographic con-
tact effects; allowing ligands to soak into otherwise
occluded sites in protein crystals, and studying the
time-resolved large motions that are normally con-
strained in conventional crystal lattices.

in a room-

was not evident. Room-

Materials and Methods

Protein expression and purification

The DNA sequence encoding MBP (residues K!-T3%6)
was amplified by PCR, using the plasmid pMAL-c5x
(New England Biolabs) as the template. The reverse
primer contained codons encoding Arg-Ile, to restore
the original MBP sequence (K!-T3¢6R3671368) and a
20-bp overlap with the 5 region of the Tom20
sequence. The DNA sequence of the cytosolic domain
(A®5-L1%%) of Tom20 from Rattus norvegicus (Uni-
Prot: TOM20_RAT, AC: Q62760) was amplified by
PCR from the expression plasmid encoding GST-
Tom20, generated in the previous study.>® The two
DNA fragments were combined by the SOEing PCR
method.?” The final PCR product was cloned into
the Ndel-Sall digested pET-41b(+) vector (Novagen),
using an In-Fusion Advantage PCR Cloning Kit
(Clontech). The resultant expression plasmid was
used for the production of MBP<0>Tom20. Then,
one to eight amino acid residues were inserted or
one to four residues were deleted at the junction of
the two proteins, by the inverse PCR method.?® The
amino acid sequences at the junction site are sum-
marized in Supporting Information Table S1. The
deletion of A5 (AATGD®®) in MBP was also
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generated by the inverse PCR method. The DNA
sequence (codon-optimized for E. coli expression) of
the C-terminal globular domain (W*°1-H®%" plus a C-
terminal 8XHis) of AglB from Pyrococcus furiosus
was synthesized by Life Technologies. The amplified
PCR product was cloned into the Smal-Sall digested
pET-47b(+) vector (Novagen). The expression plas-
mid thus obtained was used for the expression of
MBP<0>sAglB. One (Alanine), 16, and 20 spacer
residues were inserted at the junction of the two
proteins by the inverse PCR method. The amino
acid sequences of the long spacers are listed in Sup-
porting Information Table S4.

The fusion proteins were expressed in the E.
coli host strain BL21(DE3) (Stratagene). The E. coli
cells were grown at 310 K in LB medium, supple-
mented with 30 mg L~ ! kanamycin. When the Agg
reached 0.3-0.5, isopropyl-1-thio-B-p-thiogalactopyra-
noside was added at a final concentration of 0.5 mM.
After 3-12 h induction at 289 K, the cells were har-
vested by centrifugation and disrupted by sonica-
tion. The MBP-Tom20 fusion proteins containing the
wild-type MBP were purified by affinity chromatog-
raphy on amylose resin (New England Biolabs) in
TS buffer (50 mM Tris-HCl, pH 8.0, 0.1M NaCl,
with 10 mM maltose added for elution), gel filtration
chromatography on a Superdex 200 10/300 column
(GE Healthcare) in TS buffer, and anion-exchange
chromatography on a MonoQ 5/50 column (GE
Healthcare) in 20 mM Tris-HCI, pH 8.0, with a salt
gradient from 0 to 1M NaCl. In spite of the absence
of maltose in the crystal structures, the MBP-Tom20
fusion proteins with the A5 deletion weakly
adsorbed to the amylose resin. Thus, the affinity
chromatography on amylose resin was also used for
the A5 deletion-containing MBP-Tom20 fusion pro-
teins. The eluted proteins were desalted and concen-
trated with an Amicon Ultra-15 centrifugal filter
unit (Millipore, 30 kDa NMWL) to 10 mg mL ! in
20 mM MES buffer, pH 6.5, for crystallization. To
purify MBP-sAglB, the fusion proteins eluted from
the amylose resin were denatured by 8M urea,
refolded by gel filtration chromatography on a
Superdex 200 HiLoad 26/60 column in TS buffer,
and finally purified by anion-exchange chromatogra-
phy on a MonoQ 5/50 column in 20 mM Tris-HCI,
pH 8.0, with a salt gradient from 0 to 1M NaCl. The
eluted proteins were desalted and concentrated with
an Amicon Ultra-15 unit (50 kDa NMWL) to 10 mg/
mL in 20 mM MES buffer, pH 6.5, for crystalliza-
tion. In spite of the urea treatment, a maltose mole-
cule was bound to the MBP in the fusion proteins.

ALDH presequence peptides and tethering to
Tom20

The presequence (G'2PRLSRLLS?) is derived from
rat mitochondrial aldehyde dehydrogenase (ALDH,
AC: P11884). The residue numbering starts at 12,

Matsuoka et al.

since the sequence corresponds to the C-terminal
half of the ALDH presequence. A cysteine residue,
Cys?*, was attached to the C-terminus via a three-
residue spacer, Y?'A?2G23.21 The peptide and its
sequence variants were synthesized with an N-
terminal acetyl group and a C-terminal amide
group, by Hokkaido System Science (Sapporo,
Japan). An intermolecular disulfide bond was
formed between the Cys?* residue of the prese-
quence and a single cysteine residue (Cys'®®) of
Tom20 in high pH buffer (0.1M Tris-HCI, pH 9.0).
Note that MBP contains no cysteine residues. The
formation of the disulfide bond was monitored by
native-PAGE and reverse-phase HPLC analyses in
the absence and presence of 1 mM dithiothreitol.

For the preparation of an N-terminally iodine-
labeled pALDH peptide, N-succinimidyl-4-iodoben-
zoate was synthesized by carbodiimide coupling.®®
Briefly, to a solution of 4-iodobenzoic acid and N-
hydroxysuccinimide in dry dichloromethane, 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochlor-
ide was added. The mixture was refluxed for two
hours. After extraction with a saturated bicarbonate
solution, the organic layer was concentrated and the
resulting residue was washed with a small volume
of chloroform. The product was obtained as a white
powder. The purity was monitored by 'H and 3C-
NMR. The pALDH peptide for iodine labeling was
synthesized without an acetyl group at the N-
terminus. The «a-amino group of the peptide was
reacted with 0.1M N-succinimidyl-4-iodobenzoate in
40% dimethylsulfoxide. The modified peptide was
purified by reverse-phase HPLC. The modification
was confirmed by monitoring the increase of the
molecular mass corresponding to the 4-iodobenzoyl
group, ICgH,CO, using MALDI-TOF-MS. The iodin-
ated pALDH  peptide was  tethered to
A5MBP<+4>Tom20 through a disulfide bond in the
high pH buffer. The resultant ASMBP<+4>Tom20-
SS-(N-iodo)pALDH was purified by anion exchange
chromatography.

Crystallization, data collection, and structure
determination

Initial crystallization screening was performed by
the sitting drop vapor diffusion method. To search
for optimized crystallization conditions, we per-
formed grid screening and additive screening
(Hampton Research). X-ray diffraction data were col-
lected at beamlines BL32XU, BL44XU, and BL26B1
of SPring-8 (Harima, Japan), and beamlines PF-
BL1A, PF-BL5A, PF-BL17A, and AR-NW12A of the
Photon Factory (Tsukuba, Japan). Diffraction data
were collected with a wavelength of 0.9000 or 1.000
A, and with a 1.6000 A wavelength for the detection
of the anomalous iodine signal. The crystals were
cooled to 95-100 K. The final -crystallization
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conditions and the cryo-conditions are summarized
in Supporting Information Tables S2—-S4.

The diffraction data were processed with the
program HKL2000.*° Initial phases were obtained
by the molecular replacement method with the pro-
gram PHASER in CCP4,*' using the structures of
MBP (PDB code 1ANF for the maltose-bound form
of MBP,*2 and PDB code 3PUY for the apo form of
MBP*3), Tom20 (PDB code 2V1T'"), and sAglB (PDB
code 2ZAI, without the THL segment®®) as the
search models. We did not build a model for the pre-
sequence (and the disulfide tether part plus the
waters bound to Tom20), to avoid model bias. The
coordinates of the fusion proteins plus water mole-
cules bound to MBP were refined with the program
REFMAC5 ver. 5.7 in CCP4** The final manual
modeling was performed using the program COOT.*
To create the anomalous difference Fourier map, the
phases were calculated from the model of
ASMBP<+4>Tom20 in the ASBMBP<+4>Tom20-SS-
pALDH crystal, by the program SFALL in CCP4,
and the map was generated by the program FFT in
CCP4. For the tethered complex crystals with
mutated presequence peptides, pALDH(L18S) and
pALDH(LL19S), pseudomerohedral twinning was
detected using the program Xiriage in the PHENIX
program package.?® Xiriage indicated that the twin
law was a mirror index (k,-k,-h-1) for P2;. The esti-
mated twin fractions were 0.18 for L18S and 0.25
for L19S. The data were detwinned with DETWIN
in the CCP4 program package,’” and were used for
the refinement calculations. Data collection and
refinement statistics are summarized in Supporting
Information Tables S2-S4.

Electron density map to locate the mobile
peptide/segment

The 20 refinement calculations were rerun with 20
different free test sets, using the refined model of
the CCFS scaffolds (fusion protein plus water mole-
cules bound to MBP). No model was placed for the
smeared electron density corresponding to the prese-
quence peptide or the THL segment, and no addi-
tional water molecules were picked. A sigma A-
weighted F,—F, (mF,-DF,) difference electron den-
sity map was calculated, using Fourier amplitudes
(DELFWT) and phases (PHDELWT) outputted by
the program REFMACS5. The program SFTOOLS in
CCP4 was used to perform the truncation and zero
padding of the high-resolution structure factor
amplitudes, by using the keywords, “SELECT
RESOL <7” and “CALC COL DELFWT =0.” Since
the truncation of high-resolution reflections results
in a coarse mesh size of the electron density map,
zero padding maintains the original mesh spacing
size simply for cosmetic reasons. The truncation
threshold was empirically selected. This value, rp,;,=
7 A, seems suitable for finding the location of the

766 PROTEINSCIENCE.ORG

a-helical structures. FFT was used for map genera-
tion. The average of the truncated F,—F, difference
maps generated with different 20 free test sets (com-
prised of 5% of the total reflections) was calculated,
by using the MAPS ADD function of the program
MAPMASK in CCP4. The overall task workflow is
provided in Supporting Information Fig. S14.

Figures were generated with the program
PyMOL (Schrodinger). Multiple structure fitting and
rmsd calculations in batch mode were performed
with the program ProFit, version 3.1 (Martin,
A.C.R., and Porter, C.T., http://www.bioinf.org.uk/
software/profit/, 2009).

Model building for the estimation of the optimal
length of the spacer

To estimate the optimal spacer length in the connector
helix, computer modeling was performed using
PyMOL. An ideal a-helical conformation was assumed
for the connector helix between MBP (PDB code
4MBP*?) and Tom20/sAglB. The structure of Tom20
was adopted from one of the three crystallographic
snapshot structures (PDB code 2V1T'"). The structure
of sAglB was the C-terminal globular domain of the
Pyrococcus furiosus AglB (PDB code 2ZAT%°).

Calculation of electron density from MD
simulation

The 50,000 snapshots of the Tom20-pALDH complex,
obtained from the previous replica-exchange MD
simulation,?® were classified into four major clusters
with different probabilities (I: 4.76%, II: 5.13%, III:
80.0%, IV: 4.23%). Based on the probabilities, 100
structures were randomly chosen and superimposed
to fit the 40 Ca atoms (F®9-E7+Y86.L14) of the first
three a-helices of Tom20. The coordinates of the pre-
sequence were extracted and combined into one file.
The occupancy and isotropic B factor of all atoms
were uniformly set to 0.01 and 1.00, respectively.
The program SFALL was used to calculate the struc-
ture factors from the coordinate file, and the struc-
ture factors were used to generate a simulated map
with a resolution limit of 7 A, using the program
FFT. The GRID SAMPLE parameter was set to 8 for
fine grid spacing.
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