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ABSTRACT: Proteins are exquisite nanoscale building blocks:
molecularly pure, chemically addressable, and inherently selective for
their evolved function. The organization of proteins into single crystals
with high positional, orientational, and translational order results in
materials where the location of every atom can be known. However,
controlling the organization of proteins is challenging due to the myriad
interactions that define protein interfaces within native single crystals.
Recently, we discovered that introducing a single DNA−DNA
interaction between protein surfaces leads to changes in the packing
of proteins within single crystals and the protein−protein interactions
(PPIs) that arise. However, modifying specific PPIs to effect deliberate
changes to protein packing is an unmet challenge. In this work, we
hypothesized that disrupting and replacing a highly conserved PPI with
a DNA−DNA interaction would enable protein packing to be modulated by exploiting the programmability of the introduced
oligonucleotides. Using concanavalin A (ConA) as a model protein, we circumvent potentially deleterious mutagenesis and exploit
the selective binding of ConA toward mannose to noncovalently attach DNA to the protein surface. We show that DNA association
eliminates the major PPI responsible for crystallization of native ConA, thereby allowing subtle changes to DNA design (length,
complementarity, and attachment position) to program distinct changes to ConA packing, including the realization of three novel
crystal structures and the deliberate expansion of ConA packing along a single crystallographic axis. These findings significantly
enhance our understanding of how DNA can supersede native PPIs to program protein packing within ordered materials.

■ INTRODUCTION

In Nature, the assembly of proteins into periodic structures
enables a multitude of functions, including ordered glycan
presentation on bacterial S-layers,1 structural actuation in
muscles,2 and cargo transport along microtubules.3 Con-
sequently, synthetic protein assemblies are a promising class of
biomaterials that can mimic and surpass the functions of
natural protein assemblies.4−6 Of these, protein single crystals
represent assemblies with the greatest degree of positional,
orientational, and translational order. This order is desirable
for directing energy transfer,7 controlling catalytic reactions,8

and harnessing cooperative nanoscale structural changes on the
macroscale.9,10 Understanding the structure−function relation-
ships of these materials, and realizing the full breadth of their
potential, requires that the arrangement of proteins can be
precisely defined. However, controlling the position and
orientation of proteins within single crystals is challenging
due to the myriad weak noncovalent interactions on protein
surfaces. These native protein−protein interactions (PPIs),
which include hydrogen bonding, electrostatics, hydrophobics,
and van der Waals, dictate the packing of proteins within single
crystals, are difficult to predict, and complicate efforts to
program the structural outcome of crystallization.11,12

Numerous approaches have been employed to define
interactions between proteins and thereby influence crystal
packing, including metal coordination,10,13−18 synthetic
symmetrization,13,19−21 electrostatic programming,22 computa-
tional interface design,23−27 and supramolecular host−guest
binding.28−32 In many of these strategies, recognition sites
must be engineered directly into the protein’s amino acid
sequence via mutagenesis, which is potentially deleterious to a
protein’s structure and function. Furthermore, changing the
nature of the interaction between protein building blocks
necessitates the design and expression of new protein mutants.
Therefore, directing crystallization to a different structural
outcome by reprogramming these synthetic interactions
cannot be done independently of protein design.
DNA has emerged as a powerful ligand to organize

nanoscale matter by programming interactions that are

Received: April 21, 2021
Published: June 5, 2021

Articlepubs.acs.org/JACS

© 2021 American Chemical Society
8925

https://doi.org/10.1021/jacs.1c04191
J. Am. Chem. Soc. 2021, 143, 8925−8934

D
ow

nl
oa

de
d 

vi
a 

N
O

R
TH

W
ES

TE
R

N
 U

N
IV

 o
n 

A
pr

il 
29

, 2
02

2 
at

 1
6:

09
:5

8 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+E.+Partridge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+H.+Winegar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenyu+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chad+A.+Mirkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.1c04191&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04191?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04191?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04191?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04191?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c04191?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/23?ref=pdf
https://pubs.acs.org/toc/jacsat/143/23?ref=pdf
https://pubs.acs.org/toc/jacsat/143/23?ref=pdf
https://pubs.acs.org/toc/jacsat/143/23?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.1c04191?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


agnostic to the nature of the nanoscale building block.33−39

Over the past decade, the programmability of DNA has been
harnessed to organize proteins into colloidal crystals40−44 and
other hybrid nanostructures.45−50 Recently, we showed that
protein−DNA conjugates containing a single, covalently
attached DNA ligand assemble into protein single crystals
suitable for X-ray diffraction studies.51 We found that the
introduction of a DNA−DNA interaction can influence the
way a protein packs within a crystal because it ultimately
changes the exposed protein surface and the nature of the PPIs
that arise. Hence, DNA design could be used to modulate
structures to some extent. However, to control the packing of
proteins within single crystals independently from the design of
the protein itself, one must understand how to use program-
mable interactions, such as DNA, to deliberately disrupt,
augment, or replace native PPIs.
We hypothesized that disrupting and replacing a specific,

highly conserved PPI by introducing a DNA ligand to the
protein surface would enable protein packing to be finely and
deliberately modulated using DNA design, leading to more
predictable structural outcomes. To investigate this hypothesis,
we selected concanavalin A (ConA), a homotetrameric
carbohydrate-binding protein (that is, a lectin)52 whose crystal
structure53 is dominated by a single unique PPI between two
recognition sites, one on the face of the protein and one on the
vertex of the protein as defined by surface amino acids
surrounding the carbohydrate-binding site (Scheme 1a). We
envisaged that the noncovalent association of ConA and DNA
via carbohydrate binding at that site would sterically block the
native PPI recognition site and thus allow crystallization to be
programmed using the DNA sequence. Through this approach,
based entirely on supramolecular interactions,4,54,55 we
investigate the effect of DNA design parameters including
interaction strength, complementarity, sequence length, and
attachment position. We show that, by replacing a specific PPI
with a DNA−DNA interaction, ConA can be crystallized into
five distinct crystal packings and, notably, that changes to the
protein packing, including the expansion of ConA packing
along a single crystallographic axis, can be programmed via
discrete changes to the DNA design. The differences between
these structures can be correlated directly with the input DNA
design, informed by protein−protein interface analysis and
crystallographic elucidation of the oligonucleotide structure.
These findings reveal that DNA can eliminate native PPIs
within a protein single crystal and thereby enable deliberate
changes to protein packing through oligonucleotide sequence
design.

■ RESULTS AND DISCUSSION
Design of DNA Glycoconjugates for Noncovalent

Attachment of DNA to ConA. ConA is a homotetrameric
lectin that offers several advantages as a model protein for this
study. First, ConA and its complexes readily crystallize and
have been thoroughly characterized crystallographically, with
over 80 entries in the Protein Data Bank (PDB) as of April
2021.56 Second, its native packing into single crystals is
dominated by a single PPI, defined in part by surface amino
acids surrounding the carbohydrate-binding site (Scheme 1a).
Third, ConA strongly and selectively binds mannose,52

providing a suitable small molecule to mediate protein−
DNA association. Finally, its tetrameric structure adopts a
near-tetrahedral geometry (D2 symmetry) whereby four
carbohydrate binding sites are positioned at its vertices

(Scheme 1a, left). We hypothesized that this geometry
would enable binding of multiple DNA ligands at well-defined
positions that disrupt native PPIs at the vertex recognition site
(Scheme 1a, right). These advantages have been utilized in
previous studies of ligand-induced ConA crystallization, albeit
mediated by nonprogrammable hydrophobic interac-
tions.32,57−60

To attach DNA noncovalently to ConA via sugar binding, a
mannose−DNA conjugate was developed using squaramide
chemistry (Schemes 1b and S1). Squaramide linkages have
been used extensively to conjugate biomolecules due to their
high reaction rate, simple functional group requirements (two
primary amines are conjugated together), and the pH
dependence of their reactivity, which enables nonsymmetric
squaramides to be synthesized by controlling the pH of the
conjugation reaction.61−64 The synthesis of sugar−DNA
conjugates is presented in detail in the Supporting Information
(Scheme S1 and Figures S1−S18). In brief, an amine-
functionalized mannose derivative (Man-6) was reacted with
methyl squarate (7) to give a mannose−squaramide conjugate

Scheme 1. Crystallization of Concanavalin A (ConA) with
DNAa

a(a) ConA is a homotetramer with an approximately tetrahedral
topology. (Left) Tetrahedral ConA binds mannose through four
binding sites at its vertices (red and blue). For ease of visualization,
two amino acid chains are colored in red and two are colored in blue.
(Right) In its native crystal packing (PDB: 1JBC53), the major
interface between tetramers exists between the vertex of one tetramer
(dark blue) and the face of another tetramer (light blue). (b)
Mixtures of ConA and a mannose-containing DNA glycoconjugate
(Man-DNA) were crystallized in high-throughput screens. (Bottom)
Crystals are represented as (left to right) molecular structures,
schematic depictions, and optical microscope images.
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(Man-8). Man-8 was subsequently reacted with oligonucleo-
tides containing an aliphatic primary amine (9) that were
synthesized using standard solid-phase phosphoramidite
chemistry (Schemes S2 and S3). The resulting DNA
glycoconjugates (Man-DNA, 10) were purified by reverse-
phase high-performance liquid chromatography (RP-HPLC),

characterized by matrix-assisted laser-desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS), and
quantified by UV−vis spectroscopy (Figures S19 and S20).
Sequences and analytical data of all oligonucleotides and DNA
glycoconjugates in this study are provided in Table S1. Binding
of mannose−DNA conjugates by ConA was confirmed by

Table 1. Summary of Crystal Properties for ConA−DNA Single Crystals

sample PDB code structure space group a, b, c (Å)a resolution (Å)

ConA + no DNA 7MG1 I I222 61.19, 85.18, 89.25 2.00
ConA + Man-8 7MG2 I I222 61.42, 86.13, 89.50 1.80
ConA + ATAT 7MG3 I I222 62.07, 86.39, 89.32 1.60
ConA + Gal-ATAT 7MG4 I I222 61.63, 86.03, 89.23 2.00
ConA + Man-ATAT 7MG5 II P21221 65.69, 70.70, 125.87 2.10
ConA + Man-AGCT 7MG6 II P21221 65.73, 70.89, 125.84 1.70
ConA + Man-GTAC 7MG7 II P21221 65.87, 70.40, 125.09 1.75
ConA + Man-CGCG 7MG8 II P21221 66.42, 69.92, 125.87 3.00
ConA + Man-TTTT + Man-AAAA 7MG9 II P21221 65.98, 70.18, 124.42 2.55
ConA + Man-TTTT − − − − −
ConA + Man-AAATTT 7MGA III P21221 65.09, 77.78, 126.06 2.00
ConA + A(Man-T)AT 7MGB IV P22121 68.01, 117.48, 122.49 2.45
ConA + G(Man-T)AC 7MGC IV P22121 69.33, 117.34, 122.40 2.92
ConA + T(Man-T)TT 7MGD V P1211 60.56, 63.97, 126.45b 2.05

aUnless otherwise noted, α = β = γ = 90.00°. − denotes that the sample did not crystallize. bα = γ = 90.00°, β = 93.30°.

Figure 1. Crystal structures of ConA with 5′-Man−DNA glycoconjugates. (a) Native ConA crystallizes into structure I, in which (left) the major
interaction between tetramers occurs via a vertex−face interface, denoted by an arrow. Proteins are arranged in (center) densely packed sheets that
give a (right) porous structure. (b, c) When mixed with complementary or self-complementary Man−DNA glycoconjugates, ConA crystallizes into
two novel packings defined by DNA length: (b) structure II, 4-bp DNA, and (c) structure III, 6-bp DNA. In these structures, (left) DNA defines
the primary interaction between two tetramers (denoted by an arrow). Proteins assemble into (center) staggered sheets that stack via (right) DNA
interactions. Distances noted in b, c (right) are measured between the Cα atoms of two D78 residues.
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fluorescence competitive binding assays (Figure S21 and SI
Section 3).65,66

DNA Association Eliminates the Major Native PPI of
ConA. Mixtures of ConA and DNA glycoconjugates were
screened for crystallization (Scheme 1b) at 22 °C using the
sitting-drop vapor-diffusion technique67 with the Helix
conditions screen,68 which is optimized for nucleic acids and
their complexes with proteins. For all structures discussed
herein, crystals were obtained in multiple conditions with the
same space group and near-identical unit cell parameters
(Table S2). Models were built and refined for the highest-
resolution diffraction data for each structure (Tables 1 and
S3−S5). Full details are provided in SI Section 4.
To determine whether the native dominant PPI is conserved

under these conditions, ConA was crystallized in the absence
of DNA glycoconjugates, yielding crystals with a cubic
morphology in the space group I222 (structure I, Figure 1a;
PDB: 7MG1). This structure is nearly identical to over 20 PDB
entries for native ConA, with a root-mean-square deviation
(rmsd) of 0.4 Å for all atoms from a typical ConA structure
(PDB: 1JBC53). This suggests that, under these conditions, the
native PPIs are sufficient to induce crystallization in the
absence of DNA. In structure I, an interface exists between the
vertices of a given ConA tetrahedron and the faces of
surrounding ConA tetramers (Scheme 1a, right, and Figure
1a, left). This interaction leads to staggered sheets of ConA in
the a−c plane (Figure 1a, center) that pack to give a staggered
arrangement along the b-axis (Figure 1a, right).
To assess how introducing a DNA glycoconjugate would

disrupt the targeted PPI during crystallization, a mixture of
ConA and Man-ATAT, a self-complementary DNA sequence
with mannose attached to the 5′-end (terminus) of the
oligonucleotide 5′-ATAT-3′, was screened for crystallization.
Crystals with thin plate morphology were observed and their
structures were solved in the space group P21221 at 2.10 Å
resolution (structure II, Figure 1b; PDB: 7MG5). Notably, the
unit cell parameters (Table 1) and space group differ from all
previously reported ConA structures, indicating a novel
packing. Whereas, in structure I, the mannose-binding sites
are involved in PPIs with the faces of other ConA tetramers,
these vertices are oriented toward each other in pairs within
structure II, suggesting that pairs of oligonucleotides are
interacting and thus reprogramming the crystallization of
ConA. Unlike the porous packing of structure I, the DNA
interactions result in tetramers packing into a brickwork-like
arrangement within defined sheets (Figure 1b, center) that
repeat with perfect registry in the b-direction (Figure 1b,
right). The distance between these sheets along the b-axis, as
measured between the Cα atoms of D78 in neighboring
tetramers, is ∼17 Å (Figure 1b, right, and Figure S22a).
Although a novel crystal structure was observed in the

presence of Man-ATAT, we sought to confirm that specific
binding of the DNA glycoconjugate via the mannose moiety
was responsible for directing the crystal packing of ConA in
structure II. Therefore, control experiments were set up in
which ConA was mixed with either Man-8 (that is, the
mannose−squaramide without DNA conjugation), 5′-ATAT-
3′ (that is, DNA without mannose conjugated), or Gal-ATAT
(a DNA glycoconjugate with galactose, which does not
appreciably bind to ConA; Figure S21).52 In all cases, cubic
crystals in space group I222 with structure I, identical to ConA
alone, were observed (Table 1; PDB: 7MG2, 7MG3, 7MG4,
respectively). This observation suggests that the presence of

neither the sugar nor the DNA alone is sufficient to direct the
crystal packing; rather, the specific interaction between ConA
and a mannose−DNA conjugate is required.

Formation of Structure II Depends on DNA Hybrid-
ization. Having established that structure II relies on the
binding of an intact mannose−DNA conjugate, we investigated
whether the presence of a bound mannose−DNA conjugate is
sufficient for crystallization, or whether the formation of
structure II requires DNA hybridization. ConA was screened
for crystallization in the presence of three additional self-
complementary sequences with increasing interaction strength
(Man-AGCT, Man-GTAC, and Man-GCGC) as well as a
noncomplementary sequence (Man-TTTT). All three self-
complementary sequences gave crystals isostructural with
Man-ATAT (structure II, Figure 1b and Table 1; PDB:
7MG6, 7MG7, 7MG8, respectively). Excitingly, crystals of
ConA and Man-AGCT diffracted to higher resolution (1.70 vs
2.10 Å for Man-ATAT), allowing unambiguous assignment of
a four-base-pair (4-bp) DNA double helix in the crystal
structure (Figure 2a) that bridges sheets of proteins along the

b-axis of the unit cell (Figure 1b, left and right). Additionally,
unmodeled electron density in the structures with the other 4-
bp self-complementary DNA glycoconjugates was consistent
with the presence of a 4-bp double-stranded DNA (Figure
S23). These structures represent, to the best of our knowledge,
the first examples of colloidal crystals engineered with DNA in
which the oligonucleotides are sufficiently ordered for their
structure to be elucidated crystallographically.
In contrast, crystallization attempts with Man-TTTT did not

yield any diffraction-quality crystals. We hypothesized that
ConA binds to Man-TTTT, eliminating the native PPI, and
thereby inhibiting crystallization because the eliminated PPI
was not compensated by DNA hybridization. To test this
hypothesis, ConA was crystallized with an equimolar mixture
of Man-TTTT and its complement, Man-AAAA. We note that
attaining a favorable crystal packing, while ensuring that each
bound DNA glycoconjugate hybridizes to its complement, is
more challenging with a complementary vs self-complementary

Figure 2. Conformation of DNA in ConA-DNA single crystals. DNA
glycoconjugates in crystal structures of ConA with (a) Man-AGCT
and (b) Man-AAATTT adopt nearly identical conformations and
protrude from the mannose-binding site in the same direction.
Difference maps comparing electron density observed experimentally
and calculated from a protein-only model (Fo−Fc) show substantial
unmodeled electron density. This density correlates closely with a
double helix of B-form DNA.69 Fo−Fc maps are depicted at 1.0 σ in
light and dark blue.
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DNA design. Indeed, fewer crystals were observed for the
crystallization of ConA with Man-TTTT and Man-AAAA, but
those that did form possessed structure II (PDB: 7MG9).
Electron density was observed for a 4-bp double helix in the
same location as in the crystals with self-complementary DNA
(Figure S23e). The formation of crystals with a mixture of
Man-TTTT and Man-AAAA contrasts with the inability of
Man-TTTT to crystallize alone, confirming the role of DNA
hybridization in crystallization. Together with the analysis of
structures I and II, these findings show that the novel packing
of ConA in structure II is driven by both binding of the DNA
glycoconjugate via the mannose moiety and hybridization of
(self-)complementary oligonucleotides.
Increasing DNA Length Directly Increases the

Distance between Proteins. Previous work on colloidal
crystal engineering with DNA has shown that the length of the
oligonucleotides is a powerful design parameter to precisely
control structural outcomes.35 In contrast, realizing the same
control over proteins in crystals has so far been elusive;
increasing the DNA length of covalent protein−DNA
conjugates from 6-bp to 9-bp led to crystallization in a
different space group.51 To examine the effect of DNA length
in our current system, ConA was crystallized with a self-
complementary 6-bp design, Man-AAATTT. Crystals grew
readily and were solved in the P21221 space group (structure
III, Figure 1c; PDB: 7MGA; a, b, c = 65.1, 77.8, 126.1 Å).
Comparison with the unit cell of structure II with Man-ATAT
(a, b, c = 65.7, 70.7, 125.9 Å) suggests that the unit cell is
expanded along the b-direction by ∼7 Å. Indeed, examining
the crystal structures of structures II and III (Figure 1b,c)
shows that ConA packs into identical sheets in the a−c plane
with an increase in the distance between sheets along the b-
direction (17 vs 24 Å).
The 2.00 Å resolution electron density maps of structure III

show electron density corresponding to a double helix of B-
DNA (Figure 2b). Notably, comparison of the model for Man-
AAATTT with the 4-bp DNA glycoconjugates shows that the
6-bp DNA adopts a near-identical conformation to the 4-bp
DNA and is simply extended by 2-bp (Figure 2a vs 2b). This 2-
bp extension leads to an expansion of the crystal structure unit
cell along the b-direction of ∼7 Å (Figure S22b), consistent
with the expected 3.4 Å rise per bp.69 Crystallization of ConA
with a self-complementary 8-bp DNA (Man-AAAATTTT) was
attempted, but no crystals were observed. Nevertheless,
comparison of structures II and III demonstrates that changing
the DNA length programs a discrete change in the protein
packing of ConA that can be directly correlated with the
molecular design of the oligonucleotides. We propose that by
eliminating the dominant PPI between ConA tetramers, fewer
options remain for the protein to explore with respect to
reorganizing and forming different PPIs during crystallization,
thereby allowing DNA design to program discrete structural
changes.
Attaching Mannose to DNA at an Internal vs

Terminal Position Substantially Alters Protein Packing.
Having observed that increasing the DNA length influenced
crystal structure, we hypothesized that changing the structure
of the DNA ligand would affect its ability to disrupt the native
PPI recognition region around the mannose-binding site.
Accordingly, DNA glycoconjugates were prepared in which the
attachment position of mannose was moved from a terminal
position (Man-ATAT) to an internal position (A(Man-T)AT)
by conjugating Man-8 with oligonucleotides synthesized with

an amino-modifier C2 dT phosphoramidite (Scheme S2 and
Table S1). Crystallizing ConA with A(Man-T)AT or G(Man-
T)AC yielded crystals in the space group P22121 (structure IV,
Figures 3a and S24; PDB: 7MGB, 7MGC). In structure IV,

mannose-binding sites from four separate ConA tetramers are
oriented toward distinct regions of solvent space (Figure 3a,
left). This contrasts with structures II and III, in which binding
sites are directed toward each other in pairs, connected by a
DNA double helix (Figure 1b,c), and differ from reported
structures with similar unit cell dimensions (for example, PDB:
5CNA70), in which binding sites are directed toward the faces
of adjacent tetramers (Figure S25). Unfortunately, the crystal
structures determined for A(Man-T)AT or G(Man-T)AC
show electron density only for the mannose moiety. The lack
of electron density for the DNA likely arises from disorder,
perhaps due to linker flexibility or the formation of multiple
binding motifs (Figure S26). Nevertheless, the observation of a
distinct crystal packing, confirmation of mannose binding by
electron density, and reorientation of mannose-binding sites

Figure 3. Crystal structures of ConA with internally modified DNA
glycoconjugates. (a) ConA crystallizes with self-complementary
internally modified 4-bp DNA (A(Man-T)AT, G(Man-T)AC) into
a novel packing, structure IV. In this crystal, regions of solvent space
are surrounded by the mannose-binding sites of four ConA tetramers.
(b) Crystals of ConA with a noncomplementary analogue (T(Man-
T)TT) were solved into a distinct structure, structure V, in which
regions of solvent space are surrounded by the mannose-binding sites
of two ConA tetramers. Within structure V, proteins pack into
staggered sheets identical to those observed in structures II and III
(Figure 1b,c, center).
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strongly suggest that DNA hybridization mediates the
formation of structure IV.
This conclusion is further supported by the observation of a

different structure for the crystallization of ConA with
noncomplementary, internally modified T(Man-T)TT (struc-
ture V, Figures 3b and S27; PDB: 7MGD). Structure V is
nearly identical to complexes of ConA with trisaccharide
analogues (PDB: 1ONA71 and 3D4K;72 rmsd = 0.6 and 0.7 Å,
respectively) and mannose-functionalized octasilsesquioxane
clusters (PDB: 3QLQ;73 rmsd = 0.5 Å), suggesting that
T(Man-T)TT acts simply as a sterically blocking group that
disrupts the native PPI. Together, structures IV and V reveal
that moving the DNA attachment position from a terminal to
an internal positiona change of only 1 bp along the DNA
backbonesubstantially alters the crystal packing of ConA.
Interface Analysis Allows Correlation of Crystal

Packing and DNA Design. One of the overarching goals
in the field of nanoscale assembly is to rationally program
structural outcomes through an understanding of assembly
processes. For protein assembly in particular, the complex
interplay of native PPIs and introduced interactions (here,
DNA−DNA and protein−glycoconjugate) limits our ability to
program structural outcomes. To understand how a designed
DNA−DNA interaction interferes with a specific PPI, we
analyzed the interfaces within structures I to V using the PDB’s
electronic Protein Interfaces, Surfaces, and Assemblies tool74

(PDBePISA, Figures 4 and S25). For all structures, intra-
tetramer interfaces (that is, interfaces between monomers that

define the tetrameric structure) were highly conserved and are
thus omitted from the discussion below.
Interface analysis of structure I, containing ConA with no

DNA glycoconjugate, confirmed that the primary intertetramer
interface exists between the vertex of one tetramer and the face
of another tetramer (Figure 4a, dark and light blue,
respectively). The amino acids on the vertex that engage in
this interaction surround the mannose-binding pocket (Figures
4a and S28). PDB structures nearly identical to structure I
suggest that small ligands (for example, dimannose75 or a
tripeptide76) can occupy the binding pocket without disrupting
the crystal packing. However, the binding of larger ligands,
such as the DNA glycoconjugates used here, sterically blocks
these residues (Figure 4b, red).
Binding of a DNA glycoconjugate therefore eliminates the

major PPI in the native ConA structure and prevents that PPI
from directing crystal packing. Crystallization can only proceed
if other interactions, including PPIs or designed interactions
such as DNA−DNA hybridization, are favorable and can
compensate for the lost PPI. Crystals of ConA with
noncomplementary T(Man-T)TT (structure V, Figure 3b)
do not benefit from DNA hybridization, and therefore,
emergent PPIs must compensate for the major PPI eliminated
by binding of the DNA glycoconjugate. Interface analysis of
structure V (Figure 4c) reveals the presence of three
orthogonal sets of emergent PPIs: two sets of PPIs at
interfaces between tetramers within a sheet in the a−c plane
(Figure 4c, orange and green) and a third set at the interface
between adjacent proteins along the b-direction (Figure 4c,

Figure 4. Interface analysis of ConA-DNA single crystals. (a) In native ConA crystals (structure I), the major interface between tetramers exists
between the vertex of one tetramer (surface residues in dark blue) and the face of another tetramer (light blue). (b) Upon binding, Man-DNA
(dark blue) sterically blocks the surface residues surrounding the mannose-binding site (red), thus eliminating the predominant interaction in
structure I. (c) ConA packs into identical, staggered layers in structures II, III, and V. ConA tetramers interact via orthogonal interfaces along the c-
and a-directions (surface residues in green and orange, respectively). The structures differ only in their interactions along the b-direction (blue
arrows). (d) DNA design leads to specific changes in the interaction between ConA tetramers along the b-direction. In structure V, there are no
complementary DNA interactions, and thus proteins interact via PPIs (surface residues in blue). In structures II and III, interactions between
proteins along the b-direction are defined by self-complementary DNA−DNA interactions, with a corresponding increase in the unit cell parameter
b with increasing DNA length.
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blue arrows). This third interface is defined by amino acid
residues that are not involved in ConA−ConA interactions in
the native structure I (Figure 4a and d, left).
In contrast, the binding of (self)-complementary DNA

glycoconjugates introduces the possibility for a new, highly
enthalpically favorable interaction within the protein crystal
structure: DNA hybridization. Models for structures II and III
show that the PPI along the b-direction in structure V (blue in
Figure 4d, left) can be selectively replaced by a specific DNA−
DNA interaction (blue in Figure 4d, center and right). The
favorable PPIs at interfaces within the a−c plane (Figure 4c,
orange and green) are maintained, as indicated by the near-
identical unit cell parameters a and c (Table S1), thereby
enforcing directionality to the introduced DNA interaction.
This directionality is supported by the increasing b-parameter
across structures V, II, and III (Figure 4d and Table 1). In
particular, the expansion of the crystal structure unit cell along
the b-direction of ∼7 Å between structures II and III (Figure
4d, center and right) correlates to a rise of 3.4 Å/bp,69

highlighting the ability to use DNA to program deliberate
changes in protein packing.
Moving the sugar attachment position by 1 bp, from a

terminal to an internal position, had a large effect on crystal
packing. For noncomplementary strands (Man-TTTT vs
T(Man-T)TT), only the internally modified strand was able
to induce crystallization, yielding structure V as discussed
above. For self-complementary strands (Man-ATAT vs
A(Man-T)AT), the change from a terminal to internal
modification dramatically changed protein packing (structure
II, Figure 1b vs structure IV, Figures 3a and S24). Interface
analysis reveals that, while binding of Man-ATAT (structure
II) completely eliminates the major native PPI, A(Man-T)AT
(structure IV) only partially blocks the amino acid residues at
this native interface (Figure S25c), leading to a distinct packing
driven by DNA hybridization and additional emergent PPIs.
The incomplete blocking of native PPIs in structure IV and the
emergence of PPIs in structures II to V (Figures 4c and S25c)
highlight why designing synthetic interactions to override
native PPIs is such a formidable challenge.
Fortunately, interface analysis of structures I to V reveals the

multiple roles of DNA within protein crystals, thereby
highlighting its vast potential as a programmable interaction
for protein crystal engineering. By tuning sequence design,
DNA glycoconjugates completely inhibited crystallization
(Man-TTTT), completely and partially eliminated native
PPIs (Man-ATAT vs A(Man-T)AT), facilitated the emergence
of PPIs not involved in native packing (structures II, III, and
V), selectively overrode emergent PPIs via DNA hybridization
(structure II vs structure V), and directed changes in protein
packing without disruption to any PPIs (structure III vs
structure II).

■ CONCLUSION
This work presents a powerful new approach to redefining the
interactions between proteins within single crystals using
programmable DNA ligands. Indeed, DNA length, comple-
mentarity, and attachment position are valuable design handles
for modulating protein structure. Crucially, interface analysis
reveals that a specific, introduced DNA−DNA interaction can
program an expansion of the crystal unit cell along a single
crystallographic axis (b-direction), with sufficient order that the
crystal structure of DNA ligands can be determined. A central
goal of the field of programmed protein assembly is being able

to redefine the interactions between proteins toward novel,
synthetic materials. The squaramide conjugation strategy
employed here can be easily modified for the conjugation of
DNA to other small molecules, such as enzyme cofactors or
drug molecules, providing a route to noncovalent functional-
ization of other proteins with DNA without the requirement
for deleterious mutagenesis. As such, this synthetic approach
will enable precise control over the assembly of native proteins
into ordered biomaterials. Furthermore, this work represents a
major step forward in our understanding of how DNA can
eliminate, augment, and replace native PPIs to program protein
packing within single crystals. The broad range of roles for
DNA within protein crystals raises the possibility of using
multiple orthogonal DNA−DNA interactions to achieve
unprecedented control over protein assembly pathways and
structural outcomes, for the design and synthesis of novel
catalystic, energy transporting, and mechanically responsive
materials.
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