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of materials with different structural, 
mechanical, and functional properties. [ 3 ]  
For instance, macroscale materials in 
medical applications must be biodegrad-
able, [ 4–6 ]  biocompatible, [ 7,8 ]  and have 
mechanical properties matching the tis-
sues of interest; [ 9,10 ]  whereas materials 
destined for biofabrication must form 
rigid nanoscale 3D structures. [ 11,12 ]  The 
methods used to generate and process pro-
tein-based materials can have a substantial 
impact on both the mechanical and func-
tional properties of the products. [ 13–18 ]  

 Recombinant production of proteins 
provides a renewable supply of mono-
mers for assembly whose sequences, 
and hence properties, can be easily engi-
neered. [ 19 ]  Multiple approaches to ration-
ally engineer or control the mechanical 
properties of materials formed from 
recombinant proteins have been explored, 
including chemical crosslinking, oxida-
tion to form disulfi de or dityrosine bonds, 
and incorporation of nanoparticles and 
metal fi lms. [ 14,20–27 ]  Of these approaches, 

oxidation to form disulfi de or dityrosine bonds is particularly 
attractive because these bonds do not always require additional 
steps for materials synthesis. The reversibility of disulfi de 
bonds enables materials’ strength and stability to be responsive 
to external conditions. [ 28,29 ]  In contrast, dityrosine bonds are 
useful when the mechanical properties must be consistent in a 
variety of chemical environments, refl ecting their inclusion in 
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  1.     Introduction 

 Protein-based materials have the potential to be customized 
for a variety of applications, including drug delivery, tissue 
engineering, surgical sealants, medical imaging, biosensors, 
biofabrication, and biomineralization. [ 1,2 ]  However, realiza-
tion of these innovations requires development of a variety 
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many natural and engineered materials, including resilin, silk, 
fi brinogen, keratin, elastin, and collagen. [ 30–40 ]  In many cases, 
photocrosslinking is used to rapidly form dityrosine bonds 
throughout a material. [ 37,39,41,42 ]  Dityrosine crosslinks have also 
been used to drive assembly of proteins or peptides that would 
not otherwise form materials, or to covalently link multiple pro-
teins for materials assembly. [ 39,42 ]  However, the specifi c amino 
acids that form these bonds in protein-based materials have not 
been identifi ed, information that is vital for engineering the 
sequence to control bond formation, and hence the structure 
and mechanical properties of the resulting materials. Although 
in some materials, dityrosine bonds have been attributed to a 
single tyrosine residue in a repeated motif, [ 42–44 ]  each tyrosine 
motif is equally likely to participate in dityrosine bonds, 
resulting in monomer-to-monomer variation in the location of 
these bonds that would further complicate bond identifi cation 
and sequence engineering. 

 In this study, we investigated the formation of dityrosine 
bonds in materials composed of Ultrabithorax (Ubx), a recom-
binant  Drosophila melanogaster  Hox transcription factor. In 
vitro, Ubx monomers coalesce in aqueous buffers near neutral 
pH to form globular aggregates, which further rearrange at the 
air–water interface to form nanoscale fi brils. [ 45 ]  Fibrils associate 
laterally to generate macroscopic fi lms, which are the building 
blocks for various macroscale Ubx architectures such as fi bers, 
sheets, and bundles. [ 46 ]  Ubx materials have many useful proper-
ties, including cytocompatibility, biocompatibility, and nonim-
munogenicity. [ 47,48 ]  Ubx materials can be functionalized (i) with 
full-length proteins via gene fusion, [ 49,50 ]  (ii) with DNA by 
sequence-specifi c recognition, [ 51 ]  and (iii) with nanoparticles by 

noncovalent surface interactions. [ 45 ]  Finally, Ubx materials are 
strong and remarkably extensible. [ 52 ]  

 Ubx contains 15 tyrosines that are embedded in distinct 
regions of the amino acid sequence ( Figure    1  A). Therefore, Ubx 
has the potential to form unique, and thus identifi able, dity-
rosine bonds in materials. In this study, we demonstrate that 
Ubx materials oxidize to form three dityrosine bonds, two of 
which are mutually exclusive, and we identify the participating 
tyrosine residues. In fi bers preassembled in the absence of 
oxygen, exposure to oxygen rapidly triggers dityrosine forma-
tion, with biphasic bond formation kinetics. Because all Ubx 
monomers within the materials do not form both possible 
bonds, the dityrosine content can be increased by removing 
competing interactions. Dityrosine content directly correlates 
with the strength of the materials, suggesting these bonds are 
intermolecular and providing a mechanism to genetically tune 
the mechanical properties of the materials. These data illumi-
nate the role of tyrosine residues in the formation and structure 
of Ubx materials, provide vital information for engineering the 
mechanical properties of Ubx fi bers, and suggest approaches 
to insert specifi c dityrosine bonds into the sequence of other 
materials-forming proteins.   

  2.     Results and Discussion 

  2.1.     Ubx Fibers Are Not Amyloid 

 Elucidating the structure of protein-based materials is the fi rst 
step toward understanding, and ultimately manipulating, the 

Adv. Funct. Mater. 2015, 25, 5988–5998

www.afm-journal.de
www.MaterialsViews.com

 Figure 1.    Location and functionality of Ubx tyrosine mutants. A) Sequence schematic of Ubx showing the location of tyrosine residues relative to func-
tional domains and structural motifs. B) ANCHOR schematic showing areas of disorder in Ubx. C) Light microscopy of overlapping fi bers shows that 
they are transparent and can diffract light. D) The three tyrosines in the Ubx homeodomain all lie on the surface of the domain (PDB: 1B8I). [ 68 ]  E) Tyros-
ines 4 and 12 are not buried within this portion of Ubx. F) DNA binding data showing that the homeodomain remains functional in tyrosine mutants.
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mechanical properties of these materials. In contrast to amor-
phous protein aggregates which often appear as white fl occu-
lates, Ubx materials are transparent (Figure  1 C) and can diffract 
light, [ 45 ]  suggesting a more regular structure. Since Ubx does 
not form materials as part of its natural function, one possi-
bility is that Ubx fi bers are amyloid, thus accounting for their 
transparency and strength. [ 53 ]  However, X-ray diffraction and 
Thiofl avin T binding studies of Ubx materials lack any indica-
tions of amyloid structure (data not shown). Furthermore, a 
large fraction of Ubx is extremely glycine-rich, [ 54 ]  and thus is 
unlikely to form amyloid. The major structured region of Ubx 
is its DNA binding homeodomain, whose function is retained 
in the materials (Figure  1 A,D), [ 51 ]  suggesting that the helical 
structure of the homeodomain is likely intact as well. If both 
the unstructured and the structured regions of Ubx are unlikely 
to form amyloid, then amyloid structure cannot be responsible 
for the strength of Ubx materials.  

  2.2.     Ubx Materials Contain Dityrosine 

 Intermolecular covalent crosslinks could also account for the 
strength of Ubx materials. Many natural materials rely on cova-
lent crosslinks for strength, [ 31–36,55,56 ]  and engineering covalent 
bonds into recombinant protein materials can dramatically 

improve both strength and assembly. [ 38 ]  During fl uorescent 
microscopy experiments, we observed that Ubx materials auto-
fl uoresce when excited at 305 nm ( Figure    2  A). The fl uorescence 
emission spectrum (Figure  2 B) corresponds with dityrosine, 
formed by oxidation of two tyrosine residues. [ 27,55,57,58 ]  The 
emission maximum of dityrosine typically ranges from 410 to 
430 nm. [ 58,59 ]  For Ubx fi bers, the emission peak is more red-
shifted (438 nm). This difference may be due to proximity of 
the dityrosine bonds to positively charged amino acids, which 
can redshift the emission spectra of aromatic amino acids by 
tens of nanometers. [ 60 ]  Indeed, Ubx has a predicted net charge 
of +9, and the Ubx homeodomain, which contains three 
tyrosines, has a predicted net charge of +11 (Figure  1 D). [ 45,50 ]  
Antidityrosine antibodies specifi cally recognize Ubx fi bers in 
immunohistochemistry experiments, thus confi rming the pres-
ence of dityrosine in Ubx materials (Figure  2 C). The secondary 
antibodies alone are unable to bind fi bers in the absence of pri-
mary antibodies (Figure  2 D), supporting the specifi city of the 
interaction. Together, the fl uorescence and immunohistochem-
istry data demonstrate that dityrosine is present in Ubx fi bers.   

  2.3.     Measuring the Kinetics of Dityrosine Bond Formation 

 Tyrosine must oxidize to form dityrosine bonds; therefore, 
the kinetics of dityrosine bond formation can be monitored 
by assembling Ubx in a low-oxygen environment and then 
exposing the resulting fi bers to oxygen. To this end, Ubx was 
allowed to assemble in an argon-atmosphere glove box. Because 
fi lms could be assembled and fi bers could be drawn from fi lms 
in this low-oxygen environment, dityrosine bond formation 
is clearly not required for Ubx assembly. However, it is worth 
noting that these fi bers were quite fragile and very diffi cult to 
handle. 

 Fibers were placed in a custom imaging chamber (Figure S1, 
Supporting Information) under nitrogen gas fl ow to maintain 
a low-oxygen environment during transfer of the chamber 
from the glove box to a microscope. Cover slips on the top and 
bottom of the chamber allowed fi bers inside the chamber to 
be analyzed by fl uorescence microscopy. In a nitrogen envi-
ronment, the blue dityrosine signal was nearly undetectable 
( Figure    3  A). However, once the nitrogen gas in the chamber 
was replaced with air, the fi bers gradually began to fl uoresce 
blue (Figure  3 B). Measurement of fl uorescence intensity over 
time reveals two distinct transitions (Figure  3 C): a fast initial 
transition occurring in a few minutes followed by a slow transi-
tion requiring days.   

  2.4.     Mutagenesis Strategy 

 The presence of dityrosine provides an opportunity to manipu-
late the properties of Ubx materials by controlling dityrosine 
bond formation. To do so, the number of dityrosine bonds 
formed and the identity of the tyrosine residues that participate 
in these bonds must be determined. Because Ubx is produced 
as a recombinant protein in  Escherichia coli , we were able to 
use site-directed mutagenesis to identify participating tyros-
ines. This approach would be challenging to apply to many 
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 Figure 2.    Ubx materials contain dityrosine. A) Fibers autofl uoresce blue. 
B) The Ubx emission spectrum with a peak at 438 nm when excited at 
305 nm is similar to other dityrosine containing proteins. [ 58–60 ]  C) Immu-
nofl uorescence of Ubx fi ber demonstrating antidityrosine primary anti-
bodies recognize a Ubx fi ber. D) A negative control experiment with the 
primary antibody omitted demonstrates that secondary antibodies do not 
adhere nonspecifi cally to Ubx fi bers. Scale bar equals 30 µm in all panels.
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natural proteins that form materials. Because the amino acid 
sequence surrounding tyrosine residues impacts dityrosine 
bond formation, [ 59 ]  tyrosines located in repeating motifs in nat-
ural materials should have equal probabilities of participating 
in a dityrosine bond. [ 43,44 ]  In contrast, the unique sequences 
surrounding tyrosines in Ubx should lead to preferential 
inter actions between specifi c tyrosines and thus consistent 
formation of the same dityrosine bonds. Furthermore, Ubx 
monomers rely on specifi c, long-range intramolecular interac-
tions to regulate DNA binding. [ 54,61 ]  These interactions involve 
regions of the protein containing tyrosine. Therefore, any inter-
molecular dityrosine bonds based on these interactions should 
form between specifi c residues. 

 A complication of the site-directed mutagenesis approach 
stems from the fact that Ubx has 15 tyrosine residues. The 
identity of tyrosines contributing to a single bond may vary, and 
more than one dityrosine bond may be present in the materials, 
creating an enormous array of possible bond arrangements. We 
narrowed our initial search based on interactions formed by 
Ubx monomers in DNA binding. When bound to DNA, Ubx 
can oligomerize in multiple orientations: side-to-side coopera-
tive interactions when binding to linear DNA, and back-to-back 
interactions between clusters of cooperatively bound Ubx pro-
teins to form the stem of a DNA loop. [ 62 ]  Because Ubx fi bers 
retain the ability to bind DNA (Figure  1 F), [ 51 ]  it is possible that 
interactions used on a small scale to enable cooperative DNA 
binding and DNA loop formation in vivo may also be applied on 
a much larger scale to form Ubx materials in vitro: side-to-side 
interactions to form nanoscale fi brils, and back-to-back inter-
actions to allow the fi brils to interact to form fi lms and fi bers. 
Therefore, our fi rst criterion for selecting tyrosines for mutagen-
esis was that the tyrosine should be located in a region impor-

tant for regulating DNA binding. [ 54,61 ]  Extending this logic, any 
tyrosine important for DNA binding is also expected to be evo-
lutionarily conserved (Figure  1 B), our second criterion. Next, for 
specifi c dityrosine bonds to form, the tyrosines would need to be 
embedded in regions of Ubx likely to participate in protein–pro-
tein interactions. The location of molecular recognition features, 
motifs capable of engaging in protein interactions, was predicted 
by the ANCHOR algorithm (Figure  1 B). [ 63,64 ]  It is important to 
note that this algorithm only identifi es motifs located in intrin-
sically disordered regions; thus, it cannot provide information 
about the structured homeodomain. Finally, as demonstrated by 
the fragility of fi bers drawn in a low-oxygen environment, dity-
rosine bonds signifi cantly strengthen Ubx materials. Because 
fi ber strength is one factor that determines the length of fi bers 
that can be drawn from fi lm, we reasoned that tyrosine residues, 
lost through truncation of the Ubx sequence, would shorten 
the average length of fi bers produced by that Ubx variant. Fiber 
lengths were previously measured for a series of Ubx N-ter-
minal and C-terminal truncation mutants. [ 46 ]  This data provided 
the fourth criterion for selecting tyrosines for mutagenesis. 

 The ability of each of the 15 tyrosines in Ubx to meet these 
criteria is summarized in  Table    1  . Based on the logic described 
above, we hypothesized that tyrosines 4, 12, 100, 167, and 
240 were most likely to be involved in dityrosine bonds. The 
three tyrosines on the surface of the homeodomain (HD) 
(293, 296, and 310; Figure  1 A,D) were also selected because 
the homeodomain participates in long-range interactions with 
much of the rest of the protein, [ 54,61 ]  and because the dityrosine 
spectrum is redshifted. Conversely, tyrosines 40, 52, 66, 78, 
85, 265, and 276 were deemed less likely candidates. The goal 
of our mutagenesis study was to remove the ability to form 
crosslinks, while retaining as much of the chemical nature of 
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 Figure 3.    The kinetics of dityrosine bond formation reveals two transitions. A) A fl uorescence microscopy image of a Ubx fi ber pulled and imaged in 
low-oxygen environment N 2  compared to a fi ber pulled in normal atmosphere (control). B) Time-lapse images of a fi ber pulled in low O 2  after exposure 
to normal atmosphere. C) Graph of fl uorescence intensity of the fi ber shown in panel (B) over time showing two distinct transitions caused by dityrosine 
bond formation. Scale bar equals 30 µm in all panels.
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tyrosine as possible to prevent mutagenesis-induced structural 
rearrangements. Tyrosines in intrinsically disordered regions 
outside the homeodomain were mutated to serine, because the 
transfer coeffi cient of serine best mimics that of tyrosine as a 
free amino acid, leading to their similar values on the Kyte–
Doolittle hydropathy scale. [ 65 ]  Tyrosines within the homeodo-
main were mutated to leucine, because leucine most closely 
resembles the hydropathy of tyrosine on the surface of a pro-
tein. [ 66 ]  These mutations do not alter the structure or function 
of the homeodomain, because fi bers composed of homeodo-
main mutants can successfully bind DNA (Figure  1 F). To con-
fi rm that hydrophobic patches created by the tyrosine to leu-
cine mutants on the homeodomain surface were not causing 
a loss of fl uorescence due to altered interactions with the rest 
of the protein, we also changed these three residues to serine. 
All Ubx variants carrying mutations in the homeodomain were 
able to form fi bers which bound DNA (Figure  1 F). Circular 
dichroism spectra of materials composed of wild-type Ubx and 
these mutants are similar (Figure S2, Supporting Informa-
tion), indicating the structure of the fi bers was not signifi cantly 
perturbed. Furthermore, for each position, the serine and leu-
cine mutations had a similar impact on dityrosine fl uorescence 
(Figure S3, Supporting Information). Therefore, leucine muta-
tions do not cause unanticipated effects on the structure of Ubx 
materials.   

  2.5.     Tyrosines that Regulate DNA Binding in Ubx Monomers 
Also Participate in Dityrosine Bonds in Ubx Fibers 

 To fi nd tyrosines involved in dityrosine bonds, we tested whether 
single mutations of the selected tyrosines reduce Ubx fi ber 
fl uorescence. Of these eight mutants, the fl uorescence from 
Y12S, Y167S, Y240S, and Y296L mutants signifi cantly decrease 

while the intensities from Y100S and Y310L mutants increase 
when compared to wild-type Ubx fi ber fl uorescence ( Figure    4  A; 
p ≤ 0.01 indicated by *). The intensity of blue fl uorescence corre-
sponds very well with immunostaining using the antidityrosine 
primary antibody (Figure S4, Supporting Information,  r  2  = 0.99), 
confi rming that changes in fi ber fl uorescence directly correspond 
to alterations in dityrosine content. The Y167S and Y240S muta-
tions both reduce fl uorescence to a similar degree, suggesting 
that Y167 and Y240 participate in the same dityrosine bond. To 
test this hypothesis, we created a Y167S + Y240S double mutant. 
If these residues participate in different dityrosine bonds, the loss 
of fl uorescence should be additive. If Y167 and Y240 contribute 
to the same bond, then removing the second tyrosine should not 
cause an additional reduction in fl uorescence. No further reduc-
tion in fl uorescence was observed for the Y167S + Y240S double 
mutant ( Figure    5  B and Figure S5 and Table S1, Supporting Infor-
mation), suggesting that Y167 and Y240 form a single dityrosine 
bond ( Figure    6  A). This assignment is supported by the fact that 
double mutants combining Y240S with other affected tyrosines 
(for instance, Y12S + Y240S and Y240S + Y296L) all fl uoresce 
less than the isolated Y240S mutant, indicating that Y12 and 
Y296 participate in a different bond than Y240 (Figure  4 B;  p  ≤ 
0.04 indicated by #). The Y167S + Y240S bond is responsible for 
a signifi cant portion of the observed fl uorescence in Ubx fi bers 
(200/360 fl uorescence units per micrometer). Finally, fi bers com-
posed of the Y293 mutant fl uoresce to a similar extent as wild-
type Ubx fi bers. The fl uorescence of the Y240S + Y293L mutant 
fi bers is similar to that of Y240S mutant fi bers. Thus, the Y240 
mutant does not uncover any hidden contributions of Y293 to 
the Y167 + Y240 dityrosine bond.    

 Since all of the fl uorescence cannot be attributed to the Y167/
Y240 bond, at least one other bond is present. This additional 
bond(s) contributes less to the total fl uorescence, indicating 
every monomer in the materials does not participate in this 
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  Table 1.    Criteria used to select tyrosines for mutagenesis studies. 

Tyrosine Regulating DNA binding a) Sequence conservation b) Anchor c) Fiber length d) Selected?

4 Yes Yes Yes Yes Yes

12 Yes Yes No Yes Yes

40 Yes Yes Yes No No

52 No No No No No

66 No Yes No No No

78 No Yes No No No

85 No No No No No

100 Yes Yes Yes Yes Yes

167 Yes No Yes Yes Yes

240 Yes Yes Yes N/A Yes

265 Yes No No N/A No

276 Yes No No N/A No

293 Homeodomain Yes N/A No Yes

296 Homeodomain Yes N/A No Yes

310 Homeodomain Yes N/A No Yes

    a) Based on data published by Liu et al. [ 54,61 ] ;  b) Based on the sequence alignment established by Liu et al. [ 54 ] ;  c) The results of the Anchor prediction algorithm are shown in 
Figure  3 B;  d) The length of fi bers produced by N- and C-terminal Ubx truncation mutants was previously reported. [ 46 ]    
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bond(s). This hypothesis is confi rmed by the fact that Y12S and 
Y296L mutations decrease fl uorescence while Y310L increases 
fl uorescence when compared to wild-type Ubx (Figure  4 A). 
The impact of mutagenesis varies between these three resi-
dues; therefore, either (i) there are multiple additional bonds, 
(ii) there is one bond, but tyrosines that do not engage in the 

bond contribute to a chemical environment that regulates bond 
formation, (iii) there is one bond formed by different tyrosine 
residues in different monomers, or (iv) some combination of 
these possibilities. 

 Mutation of tyrosines 12, 296, and 310 also alters fi ber fl uo-
rescence. These residues are located in two regions of Ubx: 
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 Figure 5.    A) The mutants Y4S + Y12S + Y240S, Y240S + Y296L, Y100S + Y240S + Y296L, and Y293L + Y296L + Y310L all show a loss of 250 fl uorescence 
units per micrometer when compared to Ubx, suggesting a loss of more than one tyrosine bond ( p  = 0.005 indicated by *). B) Mutation of tyrosines 
Y52 and Y85, which were not predicted to be involved in dityrosine bonds has no effect either in wild-type Ubx or in the Y296 background.

 Figure 4.    Graph of fl uorescence intensity divided by fi ber width. A) Single mutations of the eight tyrosines predicted to be involved show that only 
Y12S, Y167S, Y240S, Y296L, and Y310L exhibit a signifi cant difference ( p  ≤ 0.01 indicated by *) in fl uorescence intensity when compared to Ubx. 
B) Comparison of mutants containing Y240S shows that Y240 binds Y167. Comparisons to Ubx are indicated by * ( p  = 0.005) and to Y240 indicated 
by # ( p  = 0.04) using  t -tests. C) Comparison of mutants containing combinations of N-terminal (Y4 and Y12), Y100, and homeodomain mutants.
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the N-terminus and the homeodomain, suggesting a dity-
rosine bond may form between these two regions. Indeed, the 
sequence conservation of both the N-terminus and the homeo-
domain in Hox proteins [ 67 ]  suggests these regions may interact. 
Furthermore, the N-terminus has a large impact on the DNA-
binding affi nity of the homeodomain. [ 48 ]  Finally, the ANCHOR 
algorithm identifi es the N-terminus as a region likely to engage 
in protein interactions. 

 Any bond or bonds between the N-terminus and the homeo-
domain could also involve two other tyrosines: Y4 and Y293. 
For any of these tyrosines to participate in dityrosine bond for-
mation, they must be exposed to the solvent. X-ray crystallog-
raphy data of the Ubx homeodomain [ 68 ]  reveals Y293, Y296, and 
Y310 are all located on the homeodomain surface (Figure  1 D). 
Likewise, a model of the structure of the N-terminus suggests 
both Y4 and Y12 are also solvent exposed (Figure  1 E). Although 
any of these surfaces could potentially pack against other 
regions of Ubx, the extreme fl exibility of the intervening intrin-
sically disordered regions suggests that these residues are likely 
to be occasionally exposed. 

 To determine which, if any, of these residues participate 
in dityrosine bond formation, we created a series of double 
and triple mutants involving these fi ve amino acids. First, we 
assessed the role of the three tyrosines on the surface of the 
homeodomain (Y293, Y296, and Y310). We have already estab-
lished that the Y296L and Y310L mutants alter fl uorescence 
(Figure  4 A). In addition, we fi nd that the Y293L mutation, when 
combined with Y296L, causes an additional loss of fl uorescence 
(Figure  4 C and Figure S5, Supporting Information). The 
difference in fl uorescence between wild-type fi bers and Y293L + 
Y296L fi bers is similar to the difference between wild type and 
Y240 fi bers, and thus is equivalent to the loss of one bond. This 
suggests that either Y293 or Y296 can contribute one tyrosine to 
a single bond. This interpretation also explains why the Y293L 
mutation in isolation had no impact on fl uorescence: Y296 pro-
vided an effective substitute. 

 Based on the logic described above, the other half of this 
bond may originate from the N-terminus of Ubx. Although the 
single Y4S mutation does not impact fi ber fl uorescence, Y4S in 
combination with Y12S signifi cantly reduces fl uorescence rela-
tive to Y12S fi bers (Figure  4 C). Thus, Y4 also impacts dityrosine 
content. The Y4 + Y12 scenario is similar to the one described 
above for Y293 + Y296: either Y4 or Y12 can participate in the 
dityrosine bond. Within a single fi ber, different Ubx molecules 

may form a bond between the N-terminus and the homeodo-
main using different combinations of residues 4, 12, 293, and 
296. However, the different chemical environments surrounding 
these residues should make some tyrosine pairs more likely to 
form a dityrosine bond. Comparison of pairs of double mutants 
should reveal if there are preferential interactions between 4 or 
12 and 293 or 296. The Y4S + Y12S mutant removes all tyros-
ines from the N-terminus, and therefore prevents any possi-
bility of forming a dityrosine bond with the homeodomain. The 
Y4S + Y293L double mutant had a similar level of fl uorescence 
as Y4S + Y12S, suggesting neither possible N-terminus/homeo-
domain bond could form and thus Y4S does not bind Y293L. 
Therefore Y4 must bind Y296. Consistent with this conclusion, 
the fl uorescence of Y4S + Y296L (one possible bond lost) was 
higher than Y4S + Y12S (both possible bonds lost), refl ecting 
the fact that the Y12 and Y293 can still form a bond. Likewise, 
the Y12S + Y296 fi bers fl uoresce similar to Y4S + Y12S fi bers, 
and with much less intensity than Y12S + Y293L fi bers. There-
fore Y12 binds Y293. Together, these results indicate that either 
a Y4/Y296 bond forms or a Y12/Y293 bond forms. 

 Interestingly, the fl uorescence of many variants involving 
Y310 (Y310L, Y293L + Y310L, and Y296L + Y310L) fi bers 
increased relative to wild-type Ubx fi bers. If Y310 quenched fl u-
orescence of a dityrosine bond or induced a structure in which 
a dityrosine bond was quenched, then the same number of 
dityrosine bonds should be present in the wild-type protein and 
the Y310 mutant. Consequently, immunofl uorescence, using 
the antidityrosine antibody, should remain the same as for the 
fi bers composed of wild-type Ubx. Instead, removal of Y310 
increases immunofl uorescence in proportion to the increase in 
dityrosine fl uorescence. This increase in immunofl uorescence 
was not only observed for Y310L fi bers, but also for other pairs 
of Ubx variants in which the only difference is the presence 
or absence of the Y310 mutation. Therefore, removal of Y310 
must increase the average number of dityrosine bonds formed 
per molecule of Ubx. These results suggest that Y310 acts as a 
decoy, in which tyrosines can interact with Y310, but not form 
a dityrosine bond. Removal of Y310 prevents Y4 and Y12 from 
forming unproductive interactions and thus increases the per-
centage of monomers that participate in a dityrosine bond. 

 In the resulting model (Figure  6 A), the N-terminus of Ubx 
(Y4 or Y12) interacts with the homeodomain (Y293, Y296, or 
Y310), but can only form a dityrosine bond with Y293 or Y296; 
while Y167/Y240 forms a second bond. Two separate bonds 
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 Figure 6.    A) Graph of mutants from smallest to largest fl uorescence intensity normalized to fi ber width (black bars) and fi ber length (gray bars). 
B) Scatter plot of fl uorescence intensity compared to fi ber length using linear regression with a coeffi cient of determination of 0.994.
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must form, because mutation of tyrosines from at least two 
groups results in a greater loss of fl uorescence than removing 
multiple amino acids attributed to a single bond (Figure  5 A;  p  < 
0.005 indicated by *). 

 Finally, plotting all mutants in order of increasing fl uores-
cence clearly reveals two distinct transitions, corresponding 
to the presence of 0, 1, or 2 dityrosine bonds ( Figure    7  A). If 
this model is a complete description of the N-terminus/home-
odomain interaction, then the fl uorescence of Y4S + Y12S 
(150 units per micrometer) should equal that of Y293L + Y296L 
(100 units per micrometer). The discrepancy between these 
measurements may be due to differential contributions of 
Y100 to dityrosine bond formation. As a single mutant, Y100S 
increases fl uorescence relative to wild-type Ubx, suggesting it is 
a decoy, like Y310, rather than a participant in dityrosine bond 
formation. However, double mutants of Y100S with Y293L, 
Y296L, or Y310L all fl uoresce less than the corresponding 
Y293L, Y296, or Y310L single mutants (Figure  4 D). Thus, Y100 
may contribute to a chemical environment that can either aid 
dityrosine bond formation or act as a decoy, depending on the 
Ubx variant. In this model, differential contributions of Y100 
and Y310 account for the differences in the fl uorescence of 
Y4S + Y12S and Y293L + Y296L fi bers.   

  2.6.     Regions that Do Not Regulate DNA Binding in Ubx Mono-
mers Also Do Not Participate in Dityrosine Bonds in Ubx Fibers 

 The data presented thus far only tested the tyrosines we 
selected based on involvement in DNA binding, conservation, 
predicted ability to participate in protein interactions, and loca-
tion in a region that impacts fi ber length (Table  1 ). To deter-
mine whether tyrosines outside of our selected group can also 
contribute to bond formation, we created the Y52S and Y85S 
mutants. Neither single mutant had any effect on fi ber fl uores-
cence (Figure  5 B). However, the contributions of Y4 and Y293 
were only apparent when mutated in combination with other 
tyrosines. Therefore we mutated Y52S and Y85S in conjunction 
with Y296L, a mutation that was able to uncover the contribu-
tions of both Y4 and Y293. The fl uorescence of Y52S + Y296L 
and Y85S + Y296L mutant fi bers was similar to the single 
Y296L mutant (Figure  5 B). Therefore, Y296L does not reveal a 
hidden contribution of either Y52 or Y85, and these residues do 
not contribute to dityrosine bond formation.  

  2.7.     Only Two Dityrosine Bonds Are Formed by Ubx in Materials 

 Both the mutant data and the kinetic data reveal two transitions, 
suggesting no more than two bonds are present (Figures  3  and 
 6 A). However, the mutants tested thus far do not eliminate 
absolutely all fl uorescence from Ubx fi bers. The remaining 
fl uorescence could be due to random dityrosine bonds formed 
by the remaining amino acids, or it could be evidence of a 
third dityrosine bond. However, if our hypothesis is correct 
and Y167 and Y240 always participate in dityrosine bonds with 
each other, then one dityrosine bond contributes ≈200 intensity 
units per micrometer, on our scale. Likewise, the Y4S + Y12S 
mutations completely remove the other dityrosine bond, also 
resulting in a loss of ≈200 intensity units per micrometer. The 
maximum intensity observed, close to 400 intensity units per 
micrometer, was observed for the Ubx variants Y100L, Y310L, 
Y293L+Y310L, and Y296L+Y310L. Therefore, if a single bond 
is worth 200 units per micrometer and our maximum value 
for any of our mutants is 400 units per micrometer, then only 
two bonds can form. Thus, any remaining fl uorescence is likely 
due to random bond formation. Interestingly, the fl uorescence 
intensity of fi bers composed of wild-type Ubx is only 359 units 
per micrometer, suggesting that monomers in these fi bers only 
form ≈1 ¾ bonds on average.  

  2.8.     Dityrosine Bonds Are Intermolecular and Contribute 
to the Strength of the Materials 

 Although mutagenesis can identify the amino acids that par-
ticipate in dityrosine bonds, this approach does not establish 
whether these bonds are intramolecular, intermolecular, or a 
mix of both types of bonds (Figure  7 B). Many natural macro-
scale materials rely on intermolecular covalent crosslinks for 
strength, including disulfi de and dityrosine bonds. [ 31–36,55,56 ]  
Consequently, adding covalent bonds to protein materials can 
dramatically improve both strength and assembly. [ 38,69 ]  There-
fore, if the dityrosine bonds in Ubx are intermolecular, they 
should impact the strength of the materials. The length to 
which a fi ber can be pulled is dependent on protein assembly 
and the fi bers’ inherent strength. [ 46,52 ]  Since dramatic sequence 
changes, such as fusing large, charged proteins to Ubx mono-
mers, do not impact assembly, [ 50 ]  tyrosine point mutations are 
also unlikely to impact materials assembly. Therefore, changes 
in fi ber length are expected to refl ect changes in fi ber strength. 
We observed that fi bers formed in a low-oxygen environment 
lack dityrosine bonds and are extremely short and fragile (data 
not shown). Plotting increasing values of both the normal-
ized fl uorescence intensity and the average fi ber length reveals 
two transitions, corresponding to the formation of two bonds 
(Figure  6 A). Comparison of fl uorescence with fi ber length 
using linear regression (Figure  6 B) revealed a striking cor-
relation of 0.994. This correlation suggests that fi ber strength 
directly depends on dityrosine bond formation, and thus the 
bonds are intermolecular. It is important to note that a subset 
of mutants—those that remove decoy tyrosines—increase 
Ubx fl uorescence. These point mutations also increase fi ber 
strength. Thus, point mutations can either increase or decrease 
the average number of dityrosine bonds formed per monomer 
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 Figure 7.    A) Artistic representation of the proposed dityrosine bonds. 
B) Artistic representation of options for intramolecular or intermolecular 
bonds.
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and consequently increase or decrease the strength of the 
resulting fi bers.  

  2.9.     Ubx Tyrosine Motifs as Transferable Motifs for 
Strengthening Protein-Based Materials 

 We have demonstrated that bonds are only formed between 
specifi c tyrosine residues in Ubx materials. These residues are 
located in conserved regions of the protein sequence which are 
separated by intrinsically disordered (unstructured) regions 
of the Ubx protein. [ 54 ]  Therefore, it should be possible to add 
these conserved sequences to loops or unstructured regions 
of other self-assembling proteins, and thus add specifi c dity-
rosine bonds to increase the strength of those materials. As 
an example, the N-terminus-homeodomain bond yields less 
fl uorescence than the Y167-Y240 bond due to competing inter-
actions with the two decoy tyrosines, Y100 and Y310. Therefore, 
we reasoned that duplicating one of the tyrosines that can par-
ticipate in this bond could allow both decoy binding and dity-
rosine bond formation. We created the 2 × 296 Ubx mutant 
in which amino acids G289-Q297, which includes Y296, were 
duplicated. In this variant, both the original Y293 and the 
duplicated Y293 were mutated to leucine. Fibers formed by 
this mutant were signifi cantly more fl uorescent than wild-type 
fi bers (Figure S6, Supporting Information,  p  = 0.003). Further-
more, the mutant protein created longer fi bers, refl ecting their 
increased strength. Therefore, the duplicated region was able 
to bind the decoy tyrosines and/or form a dityrosine bond, and 
thus can be considered active. 

 Since adding an entire region of the Ubx protein might not 
be feasible for some self-assembling proteins, we have identi-
fi ed shorter sequences likely to replace the large insertion. The 
sequences surrounding tyrosines that form dityrosine bonds 
must contribute to interaction specifi city, and thus would 
need to be transferred to the heterologous system. Based on 
Ubx sequence conservation, [ 54 ]  structure/disorder data, [ 54 ]  and 
the predicted propensity to engage in protein interactions 
(Figure  1 ), we recommend the below sequences for transfer 
to other proteins to create dityrosine bonds. For proteins sys-
tems that can accommodate large insertions, the homeodomain 
(60 amino acids, RRRGR…LKKEI) and the N-terminus (MNS Y-
 FEQA) could be used. As an additional benefi t, the solubility 
and stability of the homeodomain is expected to improve pro-
tein production when fused to a self-assembling protein. [ 50 ]  For 
protein systems that can only tolerate small insertions or that 
self-assemble upon exposure to denaturing conditions, the con-
served motifs surrounding residues 167 (VRPSACTPDSRVG-
G Y LDTS) and 240 (F Y PWMAIA) could be used. Thus the spe-
cifi c dityrosine-bond forming motifs in Ubx have the potential 
to be a useful tool for engineering the fl uorescent and mechan-
ical properties of other protein systems.   

  3.     Conclusion 

 Although the extensibility of Ubx materials had previously been 
attributed to glycine-rich sequences resembling elastin, [ 46,52 ]  
the molecular interactions responsible for the strength of Ubx 

materials were unknown. We have shown that Ubx materials 
autofl uoresce blue as a result of two intermolecular dityrosine 
bonds that rapidly and spontaneously form as the materials 
oxidize. The bonds, located between the N-terminus (Y4 or 
Y12) and the homeodomain (Y293 or Y296), and between 
Y167 and Y240, contribute to the strength of Ubx materials. 
Mutations that ablate one or both dityrosine bonds reduce the 
fi ber strength, whereas removing competing interactions or 
duplicating tyrosine-containing motifs similarly increases the 
strength of the materials.  

  4.     Experimental Section 
  Production of Ubx Materials : Protocols were used as established 

in the Bondos lab for expression, purifi cation, and assembly of Ubx 
and Ubx fusion proteins into materials. [ 45,47–50 ]  In brief, the  ubx  gene, 
cloned into pET-19b vector, was transformed into Rosetta (DE3) pLysS 
cells (Novagen). Single colonies were used to inoculate overnight 
liquid cultures. Protein expression was induced at mid-log phase with 
1 × 10 −3   M  isopropyl-β- D -1-thiogalactopyranoside (IPTG) for 4 h and 
cells were harvested by centrifugation and stored at −20 °C. Frozen cell 
pellets were lysed and cell debris was removed by centrifugation for 
30 min at 35 000 × g (17 000 rpm by JA25.5 rotor). Ubx protein was 
purifi ed from the clarifi ed cell lysate by Ni-NTA chromatography and, as 
previously described, fi bers were pulled from fi lms produced in a “buffer 
reservoir” [ 49 ]  using a buffer containing 50 × 10 −3   M  sodium phosphate 
buffer, 500 × 10 −3   M  NaCl, 5% glucose w/v, pH 8.0. Fibers were wrapped 
around a 5 mm sterile plastic inoculation loop and stored in a sterile 
tissue culture dish until use. 

  Measuring Fluorescence in Ubx Materials : Fluorescence resulting 
from diY or antibody binding ( N  = 2, sample = 15, replicates = 45) 
was measured using identical 4′,6-diamidino-2-phenylindole (DAPI) 
and fl uorescein isothiocyanate (FITC) settings on the Nikon Eclipse Ti 
A1R inverted confocal microscope and analyzed using Nikon Elements 
Imaging Software normalized to fi ber width, which averaged ≈15 µm. 
Z-stack images were captured using a 40× objective with a fi eld depth 
of 1.1 µm and step sizes of 0.25 µm. Data in fi gures are displayed as 
average intensities ± the standard deviation. 

 Quantitative measurement of dityrosine content based on 
fl uorescence intensity requires tyrosine content to be the only 
variable. Since removal of specifi c tyrosine residues also prevents Ubx 
materials from being fl uorescent, then there is clearly no other source 
of fl uorescence that could interfere with our measurements. Since 
the materials can vary in size, the fl uorescence intensity was always 
normalized to fi ber diameter. This precaution allows us to quantitatively 
measure fl uorescence, as previously demonstrated in measuring 
incorporation of different concentrations of enhanced green fl uorescent 
protein-Ubx into Ubx materials. [ 50 ]  Since the fl uorescence intensity 
of the dityrosine signal is directly proportional to the fl uorescence 
intensity of signal from antidityrosine antibodies (Figure S4, Supporting 
Information), fl uorescence intensity is a quantitative measure of 
dityrosine content. Data were analyzed for signifi cance using univariate 
analysis of variance (ANOVA) with Tukey's honest signifi cant differences 
(HSD) test posthoc using Microsoft Excel ( N  = 3, replicates = 50,  p  < 
0.05 was accepted as signifi cant). 

  Immunofl uorescence : Ubx fi bers wrapped around inoculation loops 
were allowed to dry at room temperature for 2 h. Loops were placed 
in sterile 4 well cell culture plates and incubated in 250 µL of blocking 
solution (0.1% Triton X-100, 1% bovine serum albumin (BSA), 0.2% 
sodium azide, and 5% goat serum in phosphate buffered saline (PBS)) 
at room temperature for 1 h. Primary antibodies raised against dityrosine 
(Genox) were diluted 1:500 in blocking solution and incubated with Ubx 
fi bers for 1 h. After two washes for 10 min each in 0.1% Triton X-100 
in PBS (250 µL), loops were incubated with goat antirabbit Alexa 488 
conjugated secondary antibodies (Molecular Probes, diluted 1:300 in 
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blocking solution) for 1 h. Loops were washed twice (10 min per wash) 
in 0.1% Triton X-100 in PBS (250 µL), placed on a 22 mm × 55 mm 
coverslip, and imaged immediately using a 40× objective Nikon Eclipse 
Ti A1R inverted confocal microscope equipped with NIS Elements AR 
4.10.01 software to analyze fl uorescence. 

  Measurement of Absorption/Emission Spectra : A Ubx fi ber was 
fractured and solvated in commercially available PBS buffer solution. 
The dispersed Ubx solution was transferred into a four sided quartz 
cuvette for the photoluminescence measurement. Steady state emission 
spectra were recorded using a QuantaMaster 40 spectrofl uorometer 
(Photon Technology International, Canada). Light from the excitation 
source, a xenon arc lamp, was dispersed by a 1200 line per millimeter 
grating blazed at 500 nm and focused on the sample. A 380 nm long-
pass fi lter was placed in the emission path to remove excitation light. 
The Ubx solution was excited at 325 nm. Emission was collected for 
0.1 s at each data point from 300 to 700 nm in steps of 1 nm. 

  Fiber Assembly and Imaging in Low-Oxygen Atmosphere : Ubx protein 
was purifi ed as previously described; however, Ubx monomers were 
assembled into fi lms and drawn into fi bers in an argon-atmosphere 
glove box (MBraun Labmaster, ≈2 ppm O 2 ). Fibers were placed in a 
custom sealed imaging chamber (Figure S1, Supporting Information) 
fi lled with N 2  gas to capture any O 2 -independent fl uorescence. Ubx 
fi bers were subsequently exposed to O 2  by removing the fl ow of N 2  gas 
and pushing room air into the chamber using a 50 mL syringe. The blue 
autofl uorescence resulting from oxidation of Ubx fi bers was analyzed 
over time using a Nikon Eclipse Ti A1R inverted confocal microscope 
equipped with NIS Elements AR 4.10.01 software. 

  Mutagenesis of Tyrosine : Tyrosines in the Ubx homeodomain 
region were mutated to leucine or serine using AccuPrime Pfx PCR 
kit (Invitrogen). Primers (Table S1, Supporting Information) for each 
mutation were designed using the OligoCalc (northwestern.edu/
biotools/oligocalc) and mfold (http://mfold.rna.albany.edu/?q = mfold) 
web servers. Mutated plasmids were transformed into DH5α competent 
cells (Zymo Research) and plated on Luria broth (LB) agar with 
50 µg mL −1  carbenicillin overnight at 37 °C. Colonies were selected and 
grown in 5 mL cultures of LB for plasmid purifi cation using QIAprep 
miniprep (Qiagen) kit. Plasmids were sequenced to confi rm each 
mutation prior to use. Ubx mutants were expressed in  Escherichia coli  
and purifi ed as described above for the wild-type protein. 

  DNA Binding Assay : Ubx materials were produced using the drop 
method and DNA binding was measured as previously described. [ 51 ]  Ubx 
was diluted in 250 µL of a solution containing 50 × 10 −3   M  NaH 2 PO 4  
(pH 8.0), 300 × 10 −3   M  NaCl, 10 × 10 −3   M  β-mercaptoethanol, 5% 
glucose, and 200 × 10 −3   M  imidazole, for a fi nal protein concentration 
of 3–6 × 10 −6   M  depending on the purifi cation yield. Protein was carefully 
pipetted onto the surface of a siliconized glass slide, and covered with 
a screw cap from a 50 mL conical centrifuge tube (VWR International) 
and the slides were covered to prevent evaporation. After a 16 h 
incubation at room temperature and humidity, a fi lm, formed at the air–
water interface, was drawn into fi bers using a sterile inoculating loop. 
Fibers were subsequently washed three times in PBS buffer and dried 
for 1–2 h at room temperature. The DNA stock was diluted to a fi nal 
concentration of 10 µg mL −1  in phosphate buffered saline. Fiber loops 
were then placed in a well (24 well culture plate); subsequently, 200 µL 
of the diluted DNA was pipetted in each well and allowed to incubate 
at room temperature (parafi lm wrapped) overnight. Fibers were washed 
three times in PBS buffer (3–5 min each) to remove excess DNA from 
the fi ber. The Ubx fi ber was removed from the inoculating loop with 
microscissors and transferred to a PCR tube containing the following 
components: 1× PCR ThermoPol buffer (NEB), 50 × 10 −6   M  each of 
dATP, dCTP, dGTP, dTTP, 0.5 × 10 −6   M  of each primer, and 1 unit of Taq 
DNA polymerase (NEB) in a 50 µL reaction. The PCR reaction products 
were analyzed by electrophoresis through a 2% agarose gel, which was 
stained with ethidium bromide and visualized using a UV light source. 

  Fiber Length Measurements : Ubx protein was diluted to 1 mg in 
590 mL of buffer in a shallow Tefl on-coated tray (Nordic Ware), covered 
to prevent surface disruptions, and incubated 18 h at room temperature 
(≈25 °C) and 40%–60% humidity. To measure changes in fi ber 

production, which depends on both fi ber assembly and fi ber strength, 
the length of fi bers drawn from the resulting fi lms was measured. A 
minimum of eight measurements, produced from a minimum of two 
purifi cations, were made for each Ubx variant.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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