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Abstract

Background: Microtubule-associated proteins regulate the dynamics, organi-

zation, and function of microtubules, impacting a number of vital cellular pro-

cesses. CRMPs have been shown to control microtubule assembly and axon

outgrowth during neuronal differentiation. While many microtubule-

associated proteins have been linked to roles in cell division and neuronal

development, it is still unclear the complement that control the formation of

parallel microtubule arrays in epithelial cells.

Results: Here we show through time-lapse DIC microscopy that

Caenorhabditis elegans embryos homozygous for the weak loss-of-function

allele unc-33(e204) progress more slowly through epidermal morphogenesis,

while animals homozygous for strong loss-of-function alleles exhibit more

embryonic lethality. Identification of two novel missense mutations in unc-33

(e572), Val476Gly, and Ser731Thr, lead to computational approaches to deter-

mine the potential effects of these changes on UNC-33/CRMP structure.

Molecular dynamics simulations show that for Asp389Asn and Arg502His, two

other known missense mutations, local changes in protein-protein hydrogen

bonding affect the stability of the protein. However, the Val476Gly/Ser731Thr

combination does not alter the structure or energetics of UNC-33 drastically

when compared to the wild-type protein.

Conclusions: These results support a novel role for UNC-33/CRMP in

C. elegans epidermal development and shed light on how individual amino

acid changes cause a loss-of-function in UNC-33.
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1 | INTRODUCTION

Microtubules are a critical cytoskeletal component
involved in a wide array of cellular processes, like sepa-
rating chromatids during cell division, vesicular trans-
port, and cell movement. These different functions are

made possible by the growing number of microtubule-
associated proteins (MAPs) that have been identified.1

Some of these proteins act as chaperones, promoting
proper tubulin folding, and assembly of α- and β-tubulin
heterodimers.2 Other proteins regulate the rates of poly-
merization and depolymerization along the linear
protofilaments that form the hollow, cylindrical structure
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transport proteins, and crosslinking proteins can add
additional layers of functionality.1 The overall organiza-
tion and function of microtubules will therefore depend
on the complement of these binding proteins that are
actively available in a cell at any given time.

The importance of microtubules beyond simple trans-
port in differentiated cell types other than neurons is not
as well understood. In cultured mammalian epithelial
cells, for example, microtubules have been shown to
associate with cadherin-based intercellular adhesions but
the functional significance of these interactions is still
unclear.4-7 In one study, disrupting microtubules altered
the localization and organization of cadherin-catenin
adhesive complexes, perturbing cell-cell interactions6;
however, in other experiments, destabilizing microtu-
bules actually triggered the formation of cadherin-based
adhesions through an interaction with p120-catenin.4

Some of these discrepancies can be partially explained by
the use of different cell lines, but the results also indicate
that a more complex model may be needed to fully
understand the role microtubules have in epithelial tis-
sues. A developmental animal model would be ideal for
this purpose since it would allow examination of micro-
tubules and MAPs in cells that are highly dynamic,
undergoing significant changes to their shape, position,
and interaction with other cells.

The embryonic development of the epidermis in
C. elegans has provided a robust genetic model for study-
ing an intact epithelium in a living organism.8 During
embryogenesis, the epithelial cells that will become this
tissue stop dividing and undergo a series of cell move-
ments and cell shape changes referred to as epidermal
morphogenesis.9 During dorsal intercalation, two rows of
dorsal epithelial cells become wedge-shaped and interdig-
itate with one another.10 Around the same time, ventral
epithelial cells migrate over underlying cells to make con-
tact with their contralateral neighbors, sealing the
embryo in an epithelial sheet.11 At the end of ventral
enclosure, both the F-actin and microtubule cytoskele-
tons form parallel arrays of circumferentially oriented
fibers in the dorsal and ventral epithelial cells and a less-
organized meshwork in lateral seam cells.12 Actomyosin-
mediated contractions distributed along these cytoskele-
tal networks drives cell shape changes that shorten the
cells along the dorsal-ventral axis while extending along
the anterior-posterior axis, elongating the embryo into a
long, thin worm four-times its original length.9,12 Cell
adhesions and intact actin and microtubule cytoskeletons
are required for epidermal morphogenesis as perturba-
tions cause embryonic lethality and morphological
defects.11,13

Even though the requirement for intact microtubules
during C. elegans epidermal morphogenesis has been

shown, it is unknown what complement of MAPs con-
trol their dynamics or organization. CRMPs have been
shown to control microtubule growth by binding to
either α-tubulin/β-tubulin heterodimers14 or assembled
microtubules.15 Yeast two-hybrid experiments,16,17 size
exclusion chromatography,16 and crystallization experi-
ments18 suggest that CRMPs function as tetramers. The
unc-33 gene in C. elegans encodes a conserved member
of the CRMP/TOAD/Ulip/DRP family, and has been
important in elucidating the role of this protein family in
neuronal development.17,19,20 Several alleles of unc-33
demonstrate defects in axonal outgrowth and guidance
due to disorganized and overabundant microtubules,
resulting in paralyzed and uncoordinated animals.17,19-21

These animals have also been reported to be shorter and
stouter than wild-type animals (dumpy) but with no
clear explanation why. Other dumpy animals are associ-
ated with alleles that encode defective cuticle proteins22

but some alleles have been found to be important for
proper epidermal morphogenesis, including those of
sma-1,23 let-502,24 and lin-26.25 Therefore, we hypothe-
sized that unc-33 may also play a role in epidermal
morphogenesis.

C. elegans embryogenesis provides a robust animal
model to study formation of an epidermal tissue during
dynamic morphogenetic events that depend on both
cell adhesions and microtubules. Through 4D differen-
tial interference contrast (DIC) microscopy, we find
that homozygous mutant embryos of several unc-33
alleles (e204, e572, e1261, and mn407) exhibit defects
during epidermal morphogenesis. We have also discov-
ered two missense mutations in homozygous unc-33
(e572) animals, V476G, and S731T, and a nonsense
mutation in unc-33(e1261), Q655Amber. To better
understand how the missense mutations in e204 and
e572 may result in a loss-of-function of UNC-33, we
used homology modeling and molecular dynamics
(MD) simulations to demonstrate the effects these
changes could have on UNC-33 tetramer structure. We
find that these amino acid changes result in unique
movements when comparing the wild-type and mutant
proteins primarily due to changes in intramolecular
hydrogen bonding. Free energy calculations also reveal
added local stability near the mutation sites on the
UNC-33 protein.

2 | RESULTS AND DISCUSSION

The neuronal defects and uncoordinated behavior of
adult C. elegans harboring unc-33 mutant alleles have
long been recognized but fails to explain the body mor-
phology defect. In this study, we not only examined
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epidermal development during embryogenesis of unc-33
mutants, but also identified unknown base substitutions
within two of these alleles. To further understand how
subsequent missense mutations in UNC-33/CRMP might
affect its function, we turned to computational chemistry
tools to analyze the UNC-33/CRMP structure.

2.1 | Homozygous unc-33(e204) embryos
take longer to complete epidermal
morphogenesis compared to wildtype

To determine if UNC-33/CRMP plays a role in forming
the embryonic epidermis in C. elegans, 4D DIC micros-
copy was used to compare the completion of epidermal
morphogenesis between wild-type and homozygous unc-
33 mutant animals (Figure 1). In a wild-type embryo, it
takes approximately 54 minutes for the epidermal cells
that are first seen migrating around the ventral surface of
the embryo (Figure 1A; 0 min, white arrow) to complete
ventral enclosure and the initial body elongation that
results in a 1.25-fold increase in body length (Figure 1B).
While homozygous mutants of both unc-33(e572) and
unc-33(e1261) also reach 1.25� elongation after 54
minutes from the onset of ventral enclosure (Figure 1I,J
and M,N, respectively), unc-33(e204) and unc-33(mn407)
homozygous mutant embryos lag behind (Figure 1E,F
and Q,R, respectively), with e204 animals often still com-
pleting ventral enclosure (Figure 1F; carets). Similarly, at
the time wild-type animals have elongated 1.7-fold their
original length (Figure 1C; short-dashed line), homozy-
gous unc-33(e204) and mn407 mutants have only elon-
gated 1.4-fold (Figure 1G,S). Furthermore, it now appears
unc-33(e1261) mutants are also lagging behind wildtype,
only reaching 1.5� elongation (Figure 1O) 99 minutes
after the onset of ventral enclosure. This trend continues
during the next phase of body elongation, where unc-33
(e204) mutants have only reached 1.5� elongation
(Figure 1H) and unc-33(e1261) and unc-33(mn407)
mutants have only reached 1.8� elongation (Figure 1P,T)
when compared to two-fold elongated wild-type animals
(Figure 2D; long-dashed line). Unlike the developmental
delays observed in unc-33(e204), unc-33(e1261), and unc-
33(mn407), homozygous animals from unc-33(e572)
appear to develop at a similar pace to wildtype from the
onset of ventral enclosure through 2� elongation
(Figure 1I-L).

To determine if the progression through epidermal
morphogenesis was indeed slower than wildtype, the
elapsed time between the onset of ventral enclosure and
two-fold body elongation was calculated for at least eight
homozygous mutant embryos of each allele (Figure 1U).
Only e204 was found to be significantly slower than

wildtype, with a mean interval of 214 ± 63.7 minutes
compared to 136 ± 14.5 minutes (P <.01). It is possible
that a substage within this interval more greatly affects
the total elapsed time; therefore, a subtle defect in one
substage could be masked by only examining the larger
interval. Several discrete substages were chosen for analy-
sis (Figure 2A-D): the onset of ventral enclosure to com-
pletion of ventral enclosure (A), ventral enclosure to
1.25-fold body elongation (B), 1.25-fold to 1.5-fold body
elongation (C), and 1.5-fold to 2-fold body elongation (D).
These intervals were chosen based on the changing func-
tions of epidermal cells over developmental time9; for
example, cells migrating during ventral enclosure vs cells
initiating contraction as the animal elongates to 1.25-fold.
Elongation between 1.5-fold and 2-fold may be impacted
by active body wall muscle compared to muscle-
independent elongation between 1.25-fold and 1.5-fold.
However, the only allele to demonstrate a significant lag
across these smaller intervals was e204 (Figure 2A,C,D)
except for the interval between completion of ventral
enclosure and 1.25� elongation (Figure 2B).

2.2 | Strong loss-of-function unc-33
alleles exhibit significant embryonic
lethality

In order to analyze timing differences during epidermal
morphogenesis between the unc-33 alleles (Figures 1 and
2), it was necessary to examine embryos that at least
made it to two-fold body elongation. However, some
homozygous unc-33 mutant embryos either never devel-
oped to the onset of ventral enclosure, halted prior to
reaching two-fold elongation, or even ruptured as the
animal began to elongate (Figure 3). Together, these
three phenotypes were regarded as embryonic lethal
since the animals do not hatch from the eggshell. When
compared to the proportion of progeny that elongated to
at least two-fold and typically hatched, wildtype and e204
had the lowest percentage of embryonic lethality
(Table 1) and were not statistically different from each
other. The other three unc-33 alleles were all significantly
different from e204 (e1261, P = .01; e572, P = .03; mn407,
P = .02), but not amongst themselves. Only e1261 was
significantly different from wildtype (P = .03; e572,
P = .09; mn407, P = .06). Embryonic lethality is highest
in the strong loss-of-function allele e1261 (21.35%) com-
pared to the weak loss-of-function allele e204 (1.64%),
which is consistent with previous studies that found a
higher percentage of axonal outgrowth defects in D-type
motoneurons in null alleles compared to e204.17 With
respect to the lethal phenotypes, a similar allelic series to
defects in neuronal development17 is observed in this
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study: e204 < e572 <mn407 < e1261. Interestingly, the
two putative null alleles, unc-33(mn407) and unc-33
(e1261),17 were the only two that exhibited ruptures
(Figure 3C,D, and G,H; arrows) even though progression
through epidermal morphogenesis was similar to wil-
dtype (Figures 1 and 2).

The e204 allele confers a missense mutation of an
aspartate to an asparagine at amino acid 389 of isoform A
(Table 2).17 One mechanistic explanation for the develop-
mental delay exhibited by e204 animals is simply defec-
tive microtubule transport, which could cause the
process to slow but not entirely fail. Neurons in unc-33

FIGURE 1 Homozygous unc-33(e204) embryos take longer to complete epidermal morphogenesis compared to wild-type. (A-T) Time-

lapse series of DIC micrographs for wild-type and four unc-33 alleles. Arrows indicate first lateral glimpse of cells migrating toward the

ventral midline. Carets indicate incomplete ventral enclosure. Short dashed line indicates expected 1.7-fold embryo length. Long dashed line

indicates expected two-fold embryo length. (U) Total elapsed time between the onset of VE and two-fold body elongation. Horizontal

bar = median. Asterisk = mean. Box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range. Outliers

are represented by black circles. Plus sign = P <.01 based on one-way ANOVA and Tukey's HSD. From left to right, the number of embryos

examined for each strain = 15, 10, 10, 11, and 8.
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mutants have over twice as many microtubules as wil-
dtype that are sometimes wider with inappropriate hooks
or doublet or triplet structures.19 Microtubules in the epi-
dermis during epidermal morphogenesis are highly orga-
nized, as noted earlier. Too many microtubules could
negatively affect directed microtubule-based transport of
key molecules to specific cellular locations, like adherens
junctions. HMP-2/β-catenin is an important adherens
junction protein that binds both the transmembrane
cadherin and the actin-binding protein HMP-1/α-catenin.
A genetic interaction between hmp-2/β-catenin and unc-
33/CRMP during C. elegans embryonic development was
recently reported, which could support this hypothesis.28

The ruptured embryos observed in the strong loss-of-
function mutants, e1261 and mn407 (Figure 3), could be
demonstrating the difference between a lack of UNC-33
protein and dysfunctional protein.

It is important to note that there is the possibility that
one or more of the strains used in this study harbors
additional mutations outside of unc-33. Future experi-
ments are aimed at determining if the phenotypes
reported here are in fact specific to perturbation of unc-
33 and whether or not they are due to epidermal cell dys-
function during development.

2.3 | unc-33(e572) encodes two missense
mutations while unc-33(e1261) encodes a
nonsense mutation

The mutations in both unc-33(e572) and unc-33(e1261)
alleles were mapped to the unc-33 locus but the exact
DNA lesion is still unknown.17,20 Since we observed dif-
ferences in the effects of unc-33 alleles on the progres-
sion of epidermal morphogenesis (Figures 1 and 2) and
embryonic lethality (Table 1 and Figure 3), we wanted
to better understand how the function of UNC-33 pro-
tein could be affected by specific amino acid changes.
Using a TOPO-TA cloning strategy with subsequent
Sanger sequencing, we compared the unc-33 genomic
region in e572 and e1261 homozygous mutant animals
to wild-type reference sequences and identified possible
changes in the UNC-33 primary sequence for both
alleles. Surprisingly, two changes were found in the
genomic sequence of unc-33(e572) (Table 2). The first is
a transversion in the coding strand of exon 8 (Figure 4),
conferring a valine to glycine missense mutation at
amino acid 476. The second is also a transversion but in
the coding strand of exon 9 (Figure 4), conferring a ser-
ine to threonine missense mutation at amino acid 731.

FIGURE 2 Development of homozygous unc-33(e204) embryos is slowed throughout epidermal morphogenesis. (A-D) Elapsed time

between specific developmental landmarks. Horizontal bar = median. Asterisk = mean. Box limits indicate the 25th and 75th percentiles;

whiskers extend 1.5 times the interquartile range. Outliers are represented by black circles. Plus sign = P <.01 and pound sign = P <.05

based on one-way ANOVA and Tukey's HSD. From left to right, the number of embryos examined for each strain = 15, 10, 10, 11, and 8.
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This particular change is consistent with a previous
report of a polymorphism in a SacI recognition site
within exon 9 of e572.20 There is no evidence that S731

is phosphorylated in CRMPs, but S731 is in a region of
the CRMP family of proteins predicted to be a C-
terminal microtubule binding domain (CMBD).15

FIGURE 3 Homozygous embryos of null unc-33 alleles exhibit rupturing during epidermal morphogenesis. (A-H) Time-lapse series of

DIC micrographs for unc-33(e1261) and unc-33(mn407). Arrows = rupturing cells. Caret = attempted ventral enclosure. Asterisk = opening

left by incomplete ventral enclosure.

TABLE 1 Percentage of embryonic lethality noted among unc-33 alleles.

Strain Allele Embryonic lethal 2� elongation or greater Total embryos Percent embryonic lethal

N2 — 4 78 82 4.88

CB204 unc-33(e204) 1 60 61 1.64

CB1261 unc-33(e1261) 19 70 89 21.35*

CB572 unc-33(e572) 23 103 126 18.25

SP1382 unc-33(mn407) 26 109 135 19.26

Note: Any embryo that did not make it to two-fold body elongation and failed to hatch was regarded as embryonic lethal. “*” = P <.05 when compared to wild-
type (chi-square test of independence; Bonferroni correction). When compared to e204, all other unc-33 alleles were statistically different (P <.05).

TABLE 2 Base substitutions identified in unc-33 alleles result in amino acid changes to UNC-33/CRMP.

Strain Allele Codon change UNC-33, isoform A, amino acid change Human CRMP-2 residue

unc-33(e204) Asp389Asn17 Asp176

unc-33(tr114) Arg502His21 Gln310

CB572 unc-33(e572) GTG à GGG Val476Gly Leu270

CB572 unc-33(e572) TCA à ACA Ser731Thr Ser533

CB1261 unc-33(e1261) CAG à TAG Gln655Amber Pro457

Note: Shaded rows indicate alleles with previously published missense mutations. The amino acids in human CRMP-2 that are equivalent to those changed in
UNC-33 were identified through a multiple sequence alignment (data not shown).26,27

FIGURE 4 The genomic location of point mutations in sequenced unc-33 alleles. Black boxes indicate exons while connecting lines

indicate introns. Green star = e204 allele. Scale bar = 100 base pairs.
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Previous work has shown that unc-33(e1261) homozy-
gous mutant animals do not express any of the three
main isoforms of UNC-33 protein when analyzed by
immunoblot with two different polyclonal antibodies.17

The discovery of a premature stop codon, Gln655Amber
(Table 2), is consistent with this if nonsense-mediated
decay mechanisms are removing aberrant transcripts or
if this truncation results in a severely destabilized protein
structure that is rapidly degraded.

For both unc-33(e1261) and unc-33(e572), there was
an approximately 220 base pair region of intron 8 that
had no sequence coverage and a 400 base pair region of
the next exon (9) that had less than three independent
reads in some areas despite clones containing that por-
tion of the genome. Polynucleotide sequences in the area
are likely causing the issue despite the use of multiple
upstream and downstream primers. Because wild-type-
sized transcripts for the three main isoforms was con-
firmed in unc-33(e572),20 it is unlikely any potential
mutations in this area would cause additional amino acid
changes. While transcript data have not been shown for
unc-33(e1261), the lack of protein product means it is
likely behaving as a null allele.

Neither of the missense mutations in unc-33(e572)
homozygous mutant animals is drastic when you com-
pare the chemistry of the amino acids. Because it is not
obvious how missense changes might affect UNC-33/
CRMP structure or function, computational modeling
methods were used for further investigation.

2.4 | Analysis of MD simulations reveals
changes to hydrogen bonding between
wild-type and mutant UNC-33/CRMPs

MD simulations have emerged as a beneficial tool in elu-
cidating the effects of amino acid mutations, allowing for
the atomistic behavior of the protein to be monitored.29-31

Here, MD simulations were used to investigate the
D389N change in unc-33(e204), R502H in unc-33(tr114),
and the newly discovered amino acid mutations, V476G
and S731T, found in unc-33(e572). The structure of
C. elegans UNC-33/CRMP was generated through homol-
ogy modeling due to the C. elegans protein currently
being unsolved. Human CRMP-4 (PDB: 4CNT)18 was
used as the model as it is one of the few available struc-
tures with >36% amino acid sequence similarity to
C. elegans UNC-33/CRMP. The majority of the N-
terminus for each monomer was unable to be modeled
because of the absence of corresponding residues in the
reference crystal structure. Additionally, it should be
noted that human CMRP-4 also shares a high sequence
similarity (�50%) with the two other proteins in the

C. elegans dihydropyrimidinase family. If the structural
locations of V476 and S731 are compared in our homol-
ogy model, V476 is embedded within each monomer sim-
ilar to D389 and R502, while S731 is on the surface of
each folded monomer in the tetramer (data not shown).

Equivalent amino acid mutations were generated in
each monomer of the tetrameric structure, and explicit
solvent unrestrained MD was performed on the wild-type
and mutant proteins. The V476G/S731T mutant was sim-
ulated as one double mutation and two single mutations
(V476G and S731T). The single mutation simulations
showed similar behavior to the double mutation (data
not shown), so the double mutation will be analyzed here
to accurately represent the allele that was sequenced. The
simulations were performed over a 1.5 μs timescale. Ana-
lyses of mutant protein trajectories reveal disruption of
intramolecular hydrogen bonding networks that lead to
local structural and energetic changes suggesting a mech-
anism for protein dysfunction.

2.4.1 | Global structural analysis

Root mean square deviation (RMSD) of the Cα atoms was
used to measure the conformational stability over the
course of a simulation. Both the wild-type and the
mutant structures showed minimal deviation from the
respective starting structure over the simulation (data not
shown). Root mean square fluctuation (RMSF) of the Cα

atoms was used as a measure of the dynamics of each res-
idue in the structure, with the RMSF for each residue
being averaged across each of the four monomers. No sig-
nificant differences in fluctuation were observed between
the wild-type and mutants, specifically at the mutation
sites (data not shown). Minimal deviation between the
wild-type and mutants is likely due to the highly struc-
tured and rigid qualities of the protein. Due to this obser-
vation, hydrogen bond analysis, and free energy
decomposition analysis were employed to investigate
how mutations affected the local protein environment.

2.4.2 | Local structural analysis

Visual analysis of the wild-type and mutant MD trajecto-
ries revealed that mutations affect local hydrogen bond-
ing and structural interactions. Specifically, D389N
(Figure 5) and R502H (Figure 6) mutations perturbed
protein-protein hydrogen bonds that were observed in
the wild-type. These changes can be attributed to the spa-
tial and chemical nature of these mutations. The replace-
ment of a hydrogen bond acceptor with the hydrogen
bond donating ability of the D389N mutation causes the
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Asn389 to adopt a conformation that is not suitable to
participate in hydrogen bonding present in the wild-type
(Figure 5). Additionally, the R502H mutation drastically

reduces the length of the amino acid side chain at the
502 position, which prevents a hydrogen bond from
occurring (Figure 6). In order to supplement these

FIGURE 5 Local structural analysis of UNC-33 D389N missense mutation. (A) 3D ribbon representation of UNC-33/CRMP monomer

(middle). Atomic representation of local structure for wild-type (left) vs D389N mutant (right) with respective point mutation highlighted in

yellow. (B) Local hydrogen bond occupancies of the residues near the mutation site. Residues form hydrogen bonds with solvent upon

mutation.

FIGURE 6 Local structural analysis of UNC-33 R502H missense mutation. (A) 3D ribbon representation of UNC-33/CRMP monomer

(middle). Atomic representation of local structure for wild-type (left) vs R502H mutant (right) with respective point mutation highlighted in

yellow. (B) Local hydrogen bond occupancies of the residues near mutation site. Residues form hydrogen bonds with solvent upon mutation.
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changes, the amino acids formed hydrogen bonds with
the solvent. Hydrogen bond interactions were quantified
by calculating the percentage of time hydrogen bonds
persisted throughout the simulations (Figures 5B and
6B). It is evident that the D389N and R502H mutations
cause a decrease in protein-protein hydrogen bonds and
an increase in protein-solvent hydrogen bonds relative to
the wild-type. The V476G/S731T mutations were not
observed to change local interactions in CRMP (data not
shown) as these mutations are less chemically severe
compared to R502H and D389N. No significant local
hydrogen bond changes were observed at the site of the
V476G mutation (data not shown). Additionally, the
S731T mutation did not drastically change local protein-
protein or protein-solvent hydrogen bonding (data not
shown).

Per-residue free energy decomposition calculations
were used in order to investigate the energetic effects of
these mutations. Total free energy changes were
decomposed into ΔGint, ΔGvdw, ΔGele, ΔGp, and ΔGnp

(see Table 3 caption for definitions) to determine which
energy component was affected most by the mutations.
At the D389N mutation site (Table 3), increased stability
(more negative free energy) was observed upon mutation
from aspartate to asparagine. This increase in stability is
mainly attributed to ΔGint and ΔGele. The large decrease
in ΔGint is likely due to asparagine being more flexible
and mobile since it is not dynamically restrained by
protein-protein hydrogen bonding. Additionally, the
increase in bonds, angles, and dihedrals in asparagine
increases the number of microstates available to the resi-
due which increases entropy and lowers free energy. The
decrease in ΔGele is likely a result of an increase in the
number of hydrogen bonding partners of the asparagine
relative to the aspartate. Although the mutant asparagine
does not interact with the same side chains as the wild-
type (Thr634 and Ser635), it does form significant

intermolecular hydrogen bonds with several other amino
acids (eg, backbone of Val418 and Thr416 and side chain
of Tyr391) in addition to the increased hydrogen bonding
with solvent. The surrounding residues showed minimal
energetic changes upon mutation which is likely due to
the residues forming interactions with solvent as opposed
to the protein.

The R502H mutation site was less stable relative to
the wild-type, and this change can be largely attributed
to ΔGint (data not shown). Upon mutation from an argi-
nine to a histidine, bonds, angles, and dihedral angles
decreased flexibility, which decreased entropy (available
microstates) and ultimately increased free energy. Mini-
mal energetic changes were observed at the V476G muta-
tion site and at local residues around the V476G and
S731T mutation sites (data not shown). The S731T muta-
tion increased stability at the mutation site, which can
also be attributed to ΔGint (data not shown) for the rea-
sons outlined above.

3 | CONCLUSION

We have shown that homozygous mutant embryos of
unc-33(e204) progress more slowly through C. elegans
epidermal morphogenesis, while those of e572, e1261,
and mn407 exhibit a higher percentage of embryonic
lethality, including rupturing during epidermal morpho-
genesis. These results demonstrate a previously unknown
role of UNC-33 in epidermal morphogenesis. MD simula-
tions predict that the D389N and R502H missense muta-
tions disrupt hydrogen bond networks leading to
structural and energetic perturbations in the CRMP
structure. We hypothesize that these changes interfere
with protein-protein interactions during microtubule for-
mation. Future in vivo experimentation will aim to test
this hypothesis as well as to identify novel protein

TABLE 3 Per-residue free energy decomposition for local environment of wild-type and D389N mutation.

Trajectory Residue
ΔGint

(kcalmol�1)
ΔGvdw

(kcalmol�1)
ΔGele

(kcal mol�1)
ΔGp

(kcalmol�1)
ΔGnp

(kcalmol�1)
ΔGtot

(kcalmol�1)

Wild-type Asp389* 116.82 ± 0.02 �7.62 ± 0.01 �65.12 ± 0.03 �102.71 ±
0.09

0.013 ± 0.001 �58.61 ± 0.02

Thr634 46.42 ± 0.06 �9.03 ± 0.09 �60.83 ± 0.04 �2.72 ± 0.06 0.019 ± 0.002 �6.38 ± 0.08

Ser635 64.64 ± 0.01 �7.47 ± 0.04 �60.74 ± 0.09 0.17 ± 0.09 0.020 ± 0.001 �23.81 ± 0.04

D389N Asn389* 40.15 ± 0.04 �10.03 ± 0.06 �98.86 ± 0.07 �3.34 ± 0.01 0.014 ± 0.009 �71.81 ± 0.07

Thr634 41.97 ± 0.09 �8.01 ± 0.01 �54.87 ± 0.01 �5.89 ± 0.01 0.023 ± 0.004 �2.85 ± 0.07

Ser635 64.93 ± 0.07 �8.98 ± 0.01 �52.28 ± 0.01 �1.50 ± 0.03 0.021 ± 0.006 �21.84 ± 0.01

Note: Values are averaged out across each of the four monomers. (±) represents SE of the mean. (*) represents the residue that was mutated. Important energy
changes are highlighted. There are five components contributing to the calculated MM/GBSA free energies: internal energy (ΔGint) van der Waals energy

(ΔGvdw), electrostatic energy (ΔGele), polar solvation energy (ΔGp), and nonpolar solvation energy (ΔGnp).
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interactions that may provide a mechanistic model of
UNC-33 function in the embryonic epidermis. No signifi-
cant structural or energetic changes were observed in the
V476G/S731T mutant simulations. As previously noted,
simulations did not contain the N-terminal residues of
each monomer due to a lack of crystal structure. It is pos-
sible that these mutations perturb these missing residues
and cause changes that were unobservable in the simula-
tions. The embryonic lethality observed in unc-33(e572)
homozygous animals could be explained by the solvent
exposed nature of the S731T mutation site and the
predicted location of the CMBD. Obtaining a complete
UNC-33/CRMP structure could lead to future MD studies
that offer even greater insights into the effect of these
mutations on UNC-33 function. Additionally, verifying
the precise location of the CMBD would allow for further
investigation into how these amino acid changes perturb
UNC-33-microtubule interaction on a molecular level.

4 | EXPERIMENTAL PROCEDURES

4.1 | C. elegans strains and alleles

All strains were cultured using standard protocols.32 The
Bristol strain N2 was used as wildtype. Additional homo-
zygous mutant strains used include CB204 [unc-33
(e204)], CB572 [unc-33(e572)], and CB1261 [unc-33
(e1261)]. These strains were obtained from the CGC and
used as is. A strain carrying unc-33(tr114) was obtained
[trIs25;rrf-3(pk1426) (trIs25; rol-6, him-4p::MB::YFP,
F25B3.3::dsRed)] but grew very poorly and could not be
maintained long enough to outcross or perform sufficient
4D DIC microscopy.

4.2 | Allele sequencing

Individual homozygous unc-33 mutant adults were trans-
ferred to 5 μL of worm lysis buffer [50 mM KCl, 10 mM
Tris-HCl pH 8.3, 2.5 mM MgCl2, 0.45% NP40, 0.45%
Tween 20, 60 μg/mL Proteinase K] and frozen for 15 min
at 80�C, lysed at 65�C for 1 hour, incubated at 95�C for
15 min, then kept on ice until use. Genomic unc-33 DNA
was amplified in several overlapping fragments using
Phusion polymerase [Thermo Fisher, F530S] in a 20 μL
PCR containing 5 μL worm lysate and 5% DMSO. Frag-
ments of unc-33 were created with the following primer
sets: RP1-FWD [GCAAAATACACATTTATCACTAGA
GGAGGG] and RP15-REV [CCACTCAAATTTGATG
TGAAATCGAGC]; RP6-FWD [CCCAATATTTGGAG
CTTTCAGGCC] and RP16-REV [CGTAATCGCCAC
AGAAAGTGCC]; RP9-FWD [GCTATTTTATCAACA

AAACACTGTAAACTCC] and RP17-REV [GCTACCA
AAACCCTGTAGTCCG]. Products were incubated with
Taq polymerase [Invitrogen, 10342053] for 15 minutes at
72�C to add A-overhangs. DNA was purified (Promega,
A9282) and cloned using the TOPO-TA Cloning Kit for
Sequencing (Invitrogen, 450030) and transformed into
DH5α competent cells [Invitrogen, 18265017]. Individual
clones were miniprepped (Promega, A1460) and
sequenced through Eurofins Genomics. Each region of
the genome was sequenced from at least three individual
worms using the following primers: RP2: GGATACG
AAAAGTCGCAATGTTCAGG, RP3: GCAGAATTTTT
TACAGAACTACCCCC, RP4: GCAAAAAGTGTAATT
TTCCACTTTTCGTGG, RP5: CGTCAAAAATGCTCAA
ATTGTCAATGACG, RP7: GCTCGATTTCACATCAA
ATTTGAGTGG, RP8: GGTGTATCTCAAAATCTCTGAA
CAAATCC, RP10: GGCACTTTCTGTGGCGATTACG,
RP11: CCACAAAAAATCCCGGAAATCCC, RP12: GCC
TATCAGAATGGAGAAGTTCGGG, RP13: CGTTTTA
CAGTTCGCCAACGTGG, RP14: CGTGATGGGACA
ACCTGAAACC, RP20: GGTGGTTTGTACGTCCGGAC
ATCG, RP21: GGAGTTTACAGTGTTTTGTTGATAAA
ATAGC, RP22: CCACGTTGGCGAACTGTAAAACG, T3:
ATTAACCCTCACTAAAGGGA, T7: TAATACGACTCA
CTATAGGG.

4.3 | Microscopy

4D DIC microscopy was used to determine the elapsed
time between various developmental stages during
embryonic epidermal morphogenesis. Embryos were iso-
lated from gravid hermaphrodites, mounted on a 5% aga-
rose slide, and imaged using 1-μm slice spacing
throughout the embryo at 3-minute intervals over 9 hours
using a Leica DIC microscope with a 63�/1.25 NA oil
HCX PL FLUOTAR objective at 20�C with a Windows
PC computer running IPLab 4.0 software and a Qimaging
QICAM Fast 1394 camera. For determining embryonic
lethality, embryos were mounted in the same way but
only two still images were taken at time = 0 and time≥
21 hours.

4.4 | Statistical analyses

A one-way ANOVA with post hoc Tukey analysis using R
Studio was used to determine the statistical significance
of differences in elapsed time between various develop-
mental stages when comparing wild-type and homozy-
gous unc-33 mutant embryos. Plots for examining
normality and homoscedasticity revealed several outliers,
which were examined for their influence on the data.

10 PRINS ET AL.



Several outliers across different intervals were from the
same embryo, which was found to affect the conclusions
for at least one interval. The data from this one embryo
was therefore removed. Basic summary statistics and vio-
lin plots were also created using R Studio.

To determine the significance of the embryonic
lethality observed across the unc-33 alleles, a chi-square
test of independence was performed in R Studio
(P = .0002998) with subsequent pairwise comparisons
with Bonferroni corrections (α = .05).

4.5 | Generation of homology model and
mutant structures

Swiss Model was used to create a homology model of
UNC-33 tetramer using the solved crystal structure of
human CRMP-4 (PDB: 4CNT).18,33 The amino acid
sequence used for the model was obtained from the
genome database Wormbase (UNC-33, isoform A;
854 amino acids).34 The first 334 residues of the N-
terminal tail for each monomer were unable to be gener-
ated due to an absence of corresponding residues in the
reference crystal structure. The RMSD for the homology
model and original PDB structure was found to be 0.855
Å. Prior to simulation, in silico mutations were generated
in each monomer of the wild-type starting structure.

4.6 | MD simulations

Explicit hydrogen atoms were added to the protein and
its mutant structures using the tleap module of
AmberTools.35 Proteins were solvated in a truncated
octahedron unit cell with TIP3P water molecules with a
12.0 Å solvent buffer between the protein and the closest
edge of the unit cell.36 In vivo conditions were recreated
by adding Na+ ions for a concentration of 0.150M, and
the system was neutralized by adding Cl� counter ions.
Additionally, the ff14SB force field was applied to the
protein.37 The GPU-accelerated pmemd code of Amber16
was used to perform all steps of MD for each system.38,39

Each system underwent a seven-step minimization pro-
cess consisting of a maximum of 1000 steps of steepest
descent minimization followed by a maximum of 5000
steps of conjugate gradient minimization for each step.
For the first step of minimization, all solute heavy atoms
were subjected to restraints starting at 10.0 kcal/mol/Å2.
Restraints were lowered systematically over the course of
each step with the last step having a restraint of 0.0 kcal/
mol/Å2. Next, the system was heated linearly from 10.0
to 293.0 K over 2.0 ns. During heating, all solute atoms
were subjected to a restraint of 10.0 kcal/mol/Å2. A

maximum temperature of 293.0 K was chosen in an effort
to mimic the conditions at which the experimental trials
were completed. Equilibration of the system was carried
out over 3.5 ns at a constant temperature of 293.0 K. All
solute heavy atoms were subjected to restraints of 10.0
kcal/mol/Å2 for the first 0.5 ns, and restraints were
decreased systematically every 0.5 ns until reaching a
restraint weight of 0.0 kcal/mol/Å2 for the final 0.5 ns.
After equilibration of the system, unrestrained MD was
performed at a constant pressure of 1 atm and constant
temperature of 293.0 K. The coordinates were saved every
100 ps, and all systems were simulated without restraints
for 1500 ns.

4.7 | MD analysis

MD analysis (RMSD, RMSF, and hydrogen bond analy-
sis) was performed using the cpptraj module of
Amber16.40 The visualization of the completed trajecto-
ries was carried out using visual molecular dynamics and
Chimera.41,42

4.8 | Free energy decomposition analysis

To analyze free energies of each residue for the individual
systems, the free energy decomposition of the wild-type
and mutants were computed using the Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA)
approach.43 There are five components contributing to
the calculated MM/GBSA energies: internal energy
(ΔGint) van der Waals energy (ΔGvdw), electrostatic
energy (ΔGele), polar solvation energy (ΔGp), and nonpo-
lar solvation energy (ΔGnp). Energy calculations were
performed every frame for a total of 15 000 frames per
simulation. Free energy decomposition calculations were
completed on a per-residue basis for each simulation.
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