YALE JOURNAL OF BIOLOGY AND MEDICINE 93 (2020), pp.3-17. YALE JOURNAL OF BIOLOGY AND MEDICINE

ORIGINAL CONTRIBUTION YJ BM

CELEBRATING 90 YEARS 1928-2018

Crystal Structure of Keratin 1/10(C401A) 2B
Heterodimer Demonstrates a Proclivity for the
C-Terminus of Helix 2B to Form Higher Order
Molecular Contacts

Ivan B. Lomakin“, Alexander J. Hinbest’, Minh Ho?, Sherif A. Eldirany®, and Christopher G.
Bunick®**

“Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT: *Department of Dermatology, Yale
University, New Haven, CT

*To whom all correspondence should be addressed: Christopher G. Bunick, MD, PhD, 333 Cedar St., LCI 501, PO Box 208059,
New Haven, CT 06520-8059; ORCID iD: 0000-0002-4011-8308; Tel 203-785-4092, Fax 203-785-7637, Email: christopher.bunick@
yale.edu.

Abbreviations: IF, intermediate filament; PDB, Protein Data Bank; KIF, keratin intermediate filament; GFAP, glial fibrillary acidic pro-
tein; EM, electron microscopy; MALS, multi-angle light scattering; MW, molecular weight.

Keywords: keratin, structure, intermediate filament, heterodimer, disulfide bond, assembly

Author Contributions: CGB designed the study. IBL conducted the mutagenesis, crystallization, and x-ray data collection. IBL
and CGB processed and refined the crystallographic data, and performed the structural analyses with assistance from AJH. AJH
performed light scattering. CGB wrote the manuscript with assistance from ILB, AJH, SE, and MH. All authors approved the final
manuscript.

Copyright © 2020



4 Lomakin et al.: Keratin 1/10(C401A) 2B heterodimer structure

a b

K1 N

| Vimentin
Desmin
Neurofilaments

Eye Lamins

Lens

C Genotype

Structurotype

Atomic
Resolution
Structure

Sequence

K1-1B,
$233L¢ 8 2 Vs

K10 N

head 1A| 1B tail

/ 7 7
2 2
// A // 73

p /
6ECO 4zRY
PDBID | gpp) 6uUI

Keratin 1/10
Crystal Structures

Phenotype

Function/
Appearance

Epidermolytic

Palmoplantar

Keratoderma
(EPPK)

B K10-2B (4ZRY)

b
'n o e 1A

Figure 1. Intermediate filaments and the structural biology of keratin 1/10 complex. (a) The six major types of
intermediate filaments, with the area of each pie slice representative of the total number of IFs for that type. (b) Common
structural organization of IFs using K1 and K10 as an example, with the head, tail, and four helical domains denoted.
Protein Data Bank (PDB) ID codes for determined K1/K10 crystal structures are accentuated (orange). (c) Proposed
paradigm for correlating genotype, structurotype, and phenotype for clinical diseases. An example using the K152%
mutation causing epidermolytic palmoplantar keratoderma (EPPK) is shown. L233 creates aberrant hydrophobicity
(orange) on the molecular surface of K152%3,/K10-1B (PDB ID 6E2J). (d) Crystal structure of the wild-type K1/K10-2B
heterodimer (PDB ID 4ZRY) depicting that a K10°4°'-mediated disulfide bond (yellow) occurs between K10 helices on

separate heterodimers.

INTRODUCTION

Intermediate filaments (IFs) are a fundamental
fibrous component of the cytoskeleton and have an es-
sential role in human health and disease: mutations in IF
proteins cause or predispose humans to more than 80 tis-
sue-specific diseases, collectively called “IF-pathies” [1].
IFs are one of three major filamentous structures com-
prising the cytoskeleton—actin microfilaments, IFs, and
microtubules. [Fs are named such because their diameter
of 10-nm is between the diameter of microfilaments (~6-
nm) and microtubules (~25-nm) [2]. IFs regulate many
cellular activities: physical support, intracellular signal-
ing, protein scaffolding, protein transport, and cellular
stress [3-5]. IFs also are increasingly linked to an active
role in cancer pathogenesis, including cancer cell inva-
sion and metastasis [6,7].

IF proteins are divided into six types, the most
abundant being types I and II-they represent 54 different

keratins which can be epidermal, trichocyte, or epithelial
[1,3,4]. Keratins form heteropolymers, with one type I
and one type II keratin partnering to form a heterodimer
early in the filament assembly process. Type III IFs,
including vimentin, desmin, and glial fibrillary acidic
protein (GFAP), differ from keratins because they form
homopolymers. Type IV IFs are the neurofilament pro-
teins; type V IFs are the nuclear lamins; and type VI IFs
are eye lens proteins (Figure 1).

All IF proteins share a common structural organiza-
tion: a central coiled-coil (historically divided into four
helical domains: 1A, 1B, 2A, 2B) flanked on either end
by head and tail domains of varying lengths and composi-
tion (Figure 1b). The keratin heads and tails, for example,
contain glycine-rich sequences predicted to form “glycine
loops” [8]. They play an important role in the tissue-spe-
cific functions of keratins, in part because the head and
tail domains are the primary location for phosphorylation
and other post-translational modifications that regulate IF
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Figure 2. Knob-pocket mechanism in helix 1B is important for A,, tetramer formation for multiple IF types. (a)
For orientation, a schematic depicts a keratin A,, tetramer (upper right) and shows the position of symmetric knob-pocket
interactions in the 1B helical region of the Type Il keratin (blue). Below, the crystal structures of K1/K10-1B (blue, PDB
ID 6ECO), vimentin-1B (gold, PDB ID 3UF1), and lamin A/C-1B (green, PDB ID 6JLB) were superposed and the knob-
pocket interaction presented. There is structural conservation of the 1B knob-pocket tetramer assembly mechanism for
Type ll, Type lll, and Type V IFs. There are no structures to date of Type IV or VI IFs. (b) Multiple sequence alignment
for the knob and pocket regions of select Type Il, Type Ill, and Type V IFs. There is complete conservation of the key
phenylalanine residue in the knob. There is also a high degree of conservation of the pocket residues between Type
Il and Type V IFs (red boxes), which can be compared to the yellow bars for keratin 1. The structural superposition
in panel (a) demonstrates the pocket is structurally conserved despite there being a variation in how the pocket is
formed between heterodimeric IFs (Type I/ll) and homodimeric IFs (Types Il and V). The fact that heterodimeric and
homodimeric IFs both utilize the 1B knob-pocket mechanism reinforces its importance to IF assembly.

structure and function [9]. The atomic resolution struc-
ture of keratin head and tail domains remains unknown;
however, one molecular modeling study hypothesized
that “aromatic zippers” interact to form a tetrameric ter-
minal domain complex [10]. While domains 2A and 2B
(and their interspacing linker, L2) have been historical-
ly separated, they are now often referred to as “coil 2”
based on the identification of hendecad repeats in 2A and
L2 and a fully-helical vimentin coil 2 crystal structure
[11,12]. Here, we use the historical nomenclature because
it facilitates our ability to correlate previous biochemical
studies on modes of IF assembly (A, A,,, A ,, A, ) with
newly identified structural mechanisms [13].
To date there are six crystal structures of epidermal
keratin heterocomplexes deposited in the Protein Data

Bank (PDB): four K1/K10 and two K5/14 (Table 1).
Each structure has added new molecular insights into
the function of keratin IFs, thus emphasizing the critical
value that each experimentally-determined structure has
for elucidating the mechanisms of action of IF proteins.
All of the structures are of either the 1B or 2B helical
domains of the central coiled-coil; there are no keratin
structures capturing the 1A or 2A helical domains. Im-
portant questions in keratin biology, as well as for IF
biology as a whole, are why so many different IF proteins
exist and how do they generate their functional diversity
despite sharing a common coiled-coil structural fold? Our
wild-type K1/K10-2B structure (PDB ID 4ZRY) provid-
ed some insight into these questions: it demonstrated that
only a few amino acid sequence differences are needed
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Table 1. X-ray crystal structures determined of human keratin complexes.

PDBID & Resolution Keratin Mutation Domain Physiologic Key Structural Findings
Reference Complex (Residues) Assembly
State
6ECO 2.98 A K1-K10 None 1B A, Symmetric knob-pocket
[19] (226-331/ 195-296) heterotetramer interactions in 1B domain are
important for proper tetramer and
mature IF assembly
6E2J 2.39A K1-K10 K1-S233L 1B A, Pathologic K1 mutation S233L
[19] (226-331 / 195-296) heterotetramer creates aberrant hydrophobic
interactions leading to keratin
aggregation
4ZRY 3.30 A K1-K10 None 2B Heterodimer Transdimer homotypic disulfide
[14] (386-489 / 347-456) (dimer was bond linkage at K10 position
disulfide-linked  C401; a few residue differences
into X-shaped  significantly alter shape and
tetramers) chemistry of keratin molecular
surface because unique residues
often align along outer helical
ridges of coiled-coil
6UUI 2.07A K1-K10 K10-C401A 2B Heterodimer Highest resolution keratin structure
This report (383-489 / 349-456) to date; an acidic 2B C-terminus
drives an octameric complex
of half-staggered anti-parallel
2B heterodimers and a splayed
C-terminal tetrameric interface
3TNU 3.01A K5-K14 None 2B Heterodimer Transdimer homotypic disulfide
[23] (382-476 / 332-421) (dimer was bond linkage at K14 position C367;
disulfide-linked inter-IF disulfide linkages enable
into X-shaped  filament cage around nucleus to
tetramers) regulate nuclear shape
6JFV 2.60 A K5-K14 K14-C367A 2B Heterodimer Crystal lattice contacts reflect helix
[36] (379-476 1 327-421) 2B-2B interactions important to

to significantly change the chemical properties of the IF
molecular surface because, at least for K1/K10-2B, the
unique residues were concentrated along the outer helical
ridge of the coiled-coil [14]. The concept of “maximally
diverse surface chemistry” offers one way that IFs may
achieve a range of tissue-specific functions; it also em-
phasizes why investigation of the structural biology of
each IF system is needed in order to properly understand
IF functional differences.

Perhaps the most critical unanswered question in IF
biology is how IF proteins assemble into mature 10-nm
filaments—specifically, the molecular and structural in-
teractions that dictate how they assemble. Using keratin
IFs (KIFs) as an example, a wealth of biophysical studies
have defined the stages of KIF assembly as: one type I
keratin and one type II keratin pair to form a parallel het-
erodimer; heterodimers then bind to form an anti-parallel
tetramer; eight tetramers then merge to form a protofibril/
unit-length filament; and finally four protofibrils assem-
ble into the complete KIF [15-17]. Similar biophysical
studies have defined IF assembly for vimentin and other
IF proteins and together these biophysical studies from

proper IF assembly, possibly at the
octamer stage

multiple laboratories represent significant advances in
understanding of IF function. However, it has been stated
that “The most pressing current obstacle in the IF field is
that there isn’t a single direct cure or even partial ther-
apy for any of the human IF-pathies” [18]. We believe
this predicament exists largely because of a single major
knowledge gap—the absence of atomic resolution struc-
tures that explain in mechanistic detail how IF proteins
assemble into filaments. This lack of knowledge hinders
our explanation of how pathologic mutations alter IF pro-
tein structure and filament formation.

Toward the goal of determining IF assembly mech-
anisms in atomic resolution detail, we recently reported
two K1/K10-1B crystal structures that captured the
physiologic A, tetrameric state of K1/K10-1B (PDB ID
6ECO and 6E2J) [19]. K1 and K10 are the primary epi-
dermal keratins expressed in suprabasal (spinous layer)
keratinocytes. These structures led to the discovery of
a knob-pocket tetramer assembly mechanism that was
validated using light scattering and electron microscopy
(EM) analyses of K1, K8, and vimentin knob mutants.
The importance of this knob-pocket interaction to the sta-
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Figure 3. Light scattering demonstrates K1/K10¢4'A-2B is a dimer in solution. (a) "*K10°4"A-2B bound untagged
K1-2B in the bacterial lysate in a 1:1 stoichiometry and purified as a 1:1 complex using nickel affinity chromatography.
After thrombin cleavage of the N-terminal His; tag, K10%*'A-2B migrated on the polyacrylamide gel at the same
molecular weight (MW) as K1-2B, as expected. The final purified K1/K10¢40'A-2B complex after gel filtration is shown
(gel lane farthest right). (b) Wild-type K1/K10-2B heterocomplex was primarily a heterodimer in solution (Peak 2), but
a small fraction of a tetrameric species was observed (Peak 1) by multi-angle light scattering (MALS). (¢) MALS of K1/
K10¢40'A-2B produced a single heterodimer peak without evidence for a tetrameric species, indicating substitution of
C401 with alanine abrogates disulfide-mediated tetramer formation.

bility of the IF tetramer, the building block of mature 10-
nm filaments, is reflected by its structural conservation
across type II keratins, type III IFs (e.g. vimentin, GFAP),
and type V IFs (e.g. lamin A/C) (Figure 2).

In addition, one of these two K1/K10-1B structures
contained a S233L mutation on K1 (PDB ID 6E2J), rep-
resenting the only keratin structure to date to incorporate
a mutation pathologic to humans. K15%3" causes epider-
molytic palmoplantar keratoderma [20,21]. Determining
structures of IF proteins that incorporate clinically-rel-
evant human mutations is necessary to understand how
errors in IF biology cause human disease. Traditionally,
science and medicine has discussed “genotype-pheno-
type” correlation for human diseases. We believe that
atomic resolution structure is necessary to fully correlate
genotype with phenotype for any given disease; there-
fore, the paradigm that we propose is a “genotype-struc-
turotype-phenotype” correlation for all mutations causing
human pathology (Figure 1c). This level of knowledge
about a disease can strengthen efforts to develop preci-
sion therapeutics by enabling the specific targeting of a
structural mechanism that is responsible for a clinical
phenotype.

One mutational “hotspot” in keratins is the C-ter-
minus of helix 2B, where a conserved TYR*LLEGE se-
quence motif important to proper 10-nm filament assem-
bly exists [22]. Crystal structures of K5/K14-2B (K5 and
K14 are the primary keratins expressed in basal layer ke-
ratinocytes) and K1/K10-2B have been determined (PDB
ID 3TNU and 4ZRY, respectively). They enabled the
molecular modeling of mutations associated with several
human diseases: epidermolysis bullosa simplex, epider-
molytic ichthyosis, cyclic ichthyosis with epidermolytic
hyperkeratosis, and epidermolytic and non-epidermolytic
palmoplantar keratosis [23,24]. These modeling analyses
demonstrated that some mutations alter the heterodimer
interface, whereas others are surface-exposed and there-
fore are likely to alter higher-order filament assembly.
Molecular details about how pathologic mutations affect
10-nm filament assembly remain elusive both by crystal-
lography and cryo-EM.

An unexpected finding from the 2B crystal structures
was an X-shaped superstructure. Both the K5/K14-2B
and K1/K10-2B structures displayed a transdimer homo-
typic disulfide bond between type I keratins (K10, K14)
(Figure 1d) [23,24]. For K5/K14, this disulfide bonding



8 Lomakin et al.: Keratin 1/10(C401A) 2B heterodimer structure

N
<

I
w

‘MJS! ARRARANAT VWi <4 -
= MRGGT I &&&m&w

[ k1022 (6UUI) [MK10-2B (4ZRY)
] K1-2B (6UUI)

C401x°

s
(d
L

I K1-2B (4ZRY)
RMSD 1.88 A
P\:f‘.
RAEANONVVI ol c

SERANS

C401x°

k"

C401AK"

was shown to be physiologically relevant, since it regu-
lated the dynamics and organization of keratin filament
networks within the cell, especially in the perinuclear
region [23,25]. It is important to recognize this disulfide
linkage in vivo occurs between mature 10-nm filaments,
not within an individual filament. One consequence
of the disulfide linkage and X-shaped structure was a
large solvent content in the K1/K10-2B crystal (~79%),
which we believed limited the diffraction resolution to
~3.3-3.5 A. We hypothesized that mutation of Cys401¥1°
to alanine would eliminate the disulfide bond and lead
to higher diffraction resolution by improving crystal
packing and reducing solvent content. Furthermore, we
hypothesized that the 2B domains in the absence of the
disulfide linkage would now be able to pack together in
their purported physiologic A, tetrameric state [13,26].
The four proposed modes of keratin heterodimer align-
ment into tetramers (A, A,,, A, A, ) were discussed
and illustrated in our A, K1/K10-1B tetrameric structure
manuscript [19].

Building from our wild-type K1/K10-2B structure,
we report here the x-ray crystal structure of the complex
between the helix 2B domains of human K1 and K10<40'4,
The structure demonstrated that the C401A substitution in
K10 did in fact eliminate the transdimer homotypic disul-

K10%0"A-2B

K1-2B

Figure 4. Human K1/K10¢4'A-2B heterodimer crystal structure. (a) Representative crystal of the K1/K10°40'A-2B
complex. (b) Superposition of the K1/K10°4'A-2B heterodimer onto the wild-type K1/K10-2B heterodimer (PDB ID
4ZRY) had a root-mean-square deviation (RMSD) of 1.88 A across all atom pairs. There is enhanced curvature at the
C-terminus of K1-2B in the K1/K10%4°"A-2B heterodimer (light blue) compared to the wild-type structure. (c) Azoomed in
view of the superposed structures from (b) at K10 position 401 demonstrated electron density for an alanine, confirming
the K10°4"A substitution. There is no structural evidence for a disulfide bond in the K1/K10°4'A-2B heterodimer.

K1-2B K10-2B

fide bond observed in the wild-type structure. Multi-an-
gle light scattering (MALS) confirmed K1/K10*'A-2B is
a heterodimer in solution. Analysis of the crystal lattice
packing identified an octameric assembly of K1/K10<4'4
heterodimers arranged in “half-staggered” and “splayed”
configurations. The contact interfaces within the octamer-
ic assembly are largely driven by molecular interactions
at the C-terminus of helix 2B, a hotspot for clinically rel-
evant human mutations. The tetramer alignments within
the crystal lattice did not correlate with the previously de-
scribed A, mode of keratin tetramer alignment. Together,
this work addresses knowledge gaps in the structural
biology of human KIFs and the molecular properties of
helix 2B that are important for 10-nm filament assembly.

MATERIALS AND METHODS

Plasmids

cDNA for wild-type human K1-2B (residues 370-
489) and human K10-2B (residues 337-456) was gen-
erated as previously described [14]. K10“'A-2B was
prepared using QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara, CA)
and the following primers: 5’- GCAGAAACAGAAG-
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Table 2. Data collection and refinement

statistics.

Crystal

K1 _K1 00401A
Heterodimer

Diffraction Data*
Space Group
Unit Cell Dimensions,

a, b, c(A)
a, B,y (%)

Resolution range
(outer shell), A

I/ol

CC(1/2) in outer shell, %
Completeness, %

aneas

No. of crystals used

No. of unique reflections
Redundancy

Wilson B-factor, A2
Refinement

R, ., %

R.... %

No. of Non-Hydrogen Atoms

‘work’

free’

Protein
Ligands/lons
Waters

R.m.s. Deviations
Bond lengths, (A)
Angles, (°)
Chirality
Planarity
Dihedral, (°)

Average B-factor
(overall), A2

P6122

100.12, 100.12, 224.79
90, 90, 120

48.86-2.07 (2.12-2.07)t

22.6 (0.5)
10.7

99.4 (98.6)
0.116 (6.606)
1

41,346

10.5 (10.7)
56.1

0.250 (0.46)
0.277 (0.50)

1753
26
107

0.004
0.611
0.029
0.002
18.546
123.0

* Data collection performed on 04-07-2017.

1 Values in parentheses are for highest-resolution (outer) shell.

GTCGCTACGCGGTGCAGCTCTCACAGATTCAG
and 5’- CTGAATCTGTGAGAGCTGCACCGCGTAG-
CGACCTTCTGTTTCTGC. Mutagenesis was performed
according to manufacturer protocol. DNA sequencing
verified the C401A mutation was incorporated into
K10“1A-2B (Keck Biotechnology Resource Laboratory,
Yale University).

Protein Production and Purification

K1-2B was co-expressed in Escherichia coli BL21
(DE3) cells with either K10-2B or K10““'2-2B according

to established protocols [14]. Protein isolation, protein
purification, and His-tag removal by thrombin cleavage
were also performed as previously reported [14]. The fi-
nal K1/K10-2B and K1/K10%"'4-2B complexes were in
0.1 M Tris-HCI buffer (pH 7.5) containing 0.2 M NaCl
and 10 mM 2-mercaptoethanol.

Multi-angle Light Scattering

K1/K10-2B and K1/K10%A-2B (~ 2.5 mg/ml) in
20 mM Tris-HCl buffer (pH 7.5) containing 0.1 M NaCl
were applied separately to a Superdex 75 gel filtration
column in-line with a DAWN HELEOS II (Wyatt Tech-
nology, Santa Barbara, CA) light scattering instrument
at 0.5 ml/min. Laser wavelength was 658 nm. Data col-
lection and analysis used Astra software version 6.1.6.5
(Wyatt Technology).

Crystallization and X-ray Data Collection

The K1/K10'2-2B heterocomplex at 8.0 mg/ml in
100 mM Tris-HCI buffer (pH 7.5) containing 0.2 M NacCl
and 10 mM 2-mercaptoethanol was crystallized by sitting
drop vapor diffusion at 12 °C using a reservoir solution of
100 mM Tris-HCI (pH 7.4) containing 1.5 M ammonium
phosphate dibasic and 1% N-Octyl-B-D-glucoside. Crys-
tallization drops were prepared by mixing 2 pl protein
with 2 ul reservoir solution. Crystals were soaked for ~2
min in a cryoprotectant solution containing 20% glycerol
in mother liquor before flash freezing in liquid nitrogen.
A native dataset was collected on a single crystal main-
tained at ~100 K and A = 0.9791 A using NE-CAT beam-
line 24-ID-C at the Advanced Photon Source at Argonne
National Laboratory. Diffraction data were processed
using HKL-2000 [27].

Structure Determination, Refinement, and Analysis

The human KI1/K10“°'2-2B structure was deter-
mined by molecular replacement using MOLREP [28]
and the native K1/K10-2B structure as the initial search
model (PDB ID 4ZRY). Molecular replacement bias was
reduced by using a simulated annealing composite omit
map generated in PHENIX [29]. The K1/K10“'A-2B
structure underwent iterative rounds of model building
using Coot [30] and refinement using PHENIX with stan-
dard geometric and secondary structure restraints. The
crystal asymmetric unit contained one K1/K10“0'A-2B
dimer. The final Ramachandran statistics were: residues
in favorable regions, 99%; in allowed regions, 1% (Table
2). The final R value (27.7%) is consistent with other
large coiled-coil structures [31]. UCSF Chimera (Re-
source for Biocomputing, Visualization, and Informatics,
University of California, San Francisco) and Coot were
used to perform the structural analyses. Figures were pre-
pared using UCSF Chimera and Adobe Illustrator.
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Figure 5. Comparison of the crystal lattice packing for wild-type K1/K10-2B and K1/K10°4'A-2B structures. (a)
The crystal lattice for the wild-type K1/K10-2B heterodimer (PDB ID 4ZRY) demonstrated an “X-shaped” structure due
to a transdimer disulfide bond between K10%4' residues on adjacent heterodimers. Two examples of the X-shaped
tetrameric species are colored (K1-2B, dark blue; K10-2B, magenta). (b) The crystal lattice for K1/K10¢4°'A-2B did not
contain a disulfide-linked X-shaped structure. It did contain an octameric assembly, which is colored (K1-2B, light blue;
K10¢41A-2B, pink). (c) The octameric K1/K10¢4'A-2B assembly from the crystal lattice is shown separately for clearer
viewing; its contacts are mediated largely by the C-terminal aspect of helix 2B.

Data Availability

Atomic coordinates and structure factors are deposit-
ed in the Protein Data Bank under accession code 6UUI.

RESULTS

K1/K10°%"A-2B s a dimer in solution

To determine whether the K10°'* mutation altered
the ability of K10-2B to bind to K1-2B, we co-expressed
His -K10“'*-2B with untagged K1-2B and subjected
the cellular lysate to nickel-affinity purification. His,-
K10%A-2B bound K1-2B in a 1:1 stoichiometry, which
enabled purification of the K1/K10!'4-2B heterocom-
plex (Figure 3a). After His -tag removal, K1/K10“*'*-2B
was analyzed by multi-angle light scattering (MALS) to
determine the oligomeric state of the complex compared
to the wild-type K1/K10-2B complex (Figure 3b-c).
Native K1/K10-2B was predominantly a heterodimer in
solution (Peak 2 observed MW 28,820; calculated MW
27,899); however, a small fraction of a tetrameric species
was observed (Peak 1 observed MW 57,100; calculated

MW 55,798) (Figure 3b). In contrast, MALS of K1/
K10“'4-2B produced a single peak corresponding to a
heterodimer (observed MW 28,080) without evidence of
a tetrameric species (Figure 3c). This data supports the
conclusion that the tetrameric species in solution for na-
tive K1/K10-2B occurs due to K10“’'-mediated disulfide
linkage and that the C401 A mutation indeed abolishes di-
sulfide bonding capability at position 401 on K10. This is
in agreement with our prior biochemical analysis showing
the reducing agent TCEP can abrogate K10““’!-mediated
dimerization on a non-reducing denaturing gel [14].

K1/K10¢4"A-2B structure

Purified K1/K10%4'A_-2B, confirmed as a heterod-
imer in solution by MALS, was crystallized and the
X-ray crystal structure of the heterodimeric complex
determined at 2.07 A resolution (Figure 4 and Table 2).
The K1 and K104 molecules in the heterodimer form
a parallel coiled-coil, spanning K1 residues 383-489 and
K10 residues 349-456. The N-terminal 13 residues of
K1-2B (370-382) and 12 residues of K10-2B (337-348)
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Table 3. Specific residue interactions and distances in K1/K10¢4'A-2B octameric assembly. All
contact distances reported are based on molecular distances between residues that are < 5 A and were
calculated without hydrogens atoms modeled except for where denoted with an asterisk (*). Distances
involving residues with salt bridge formation were calculated with hydrogens modeled (*). Salt bridge

interactions generally occur over distances < 4 A.

Half-staggered anti-parallel 2B heterodimers

Splayed C-terminal tetrameric interface

K1-2B — K10¢4"A-2B K1-2B - K1-2B
Interactions (distance, A) Interactions (distance, A)

L473-1421  T481-Q410  Q466-A459' (3.99)
(4.44) (4.27)

L473-Q417  T481-A409  Q466-1462' (4.17)
(3.80) (4.41)

L477-Q417  T484-A409  N470-K455' (2.88)
(3.69) (3.99)

LA77-L414  L485-A409  LA73-K455' (4.84)
(3.90) (4.00)

L477-A413  L485-Q406

(3.73) (4.99)

T481-A413  L485-S405

(3.45) (4.40)

were flexible, not ordered in the crystal, and unable to be
modeled. Superposition of the K1/K10“°'A-2B heterod-
imer structure onto the wild-type K1/K10-2B heterodi-
mer structure had a root-mean-square deviation of 1.88
A across all atom pairs (Figure 4b). Examination of the
superposed structures revealed that the largest difference
between the two is enhanced curvature of the K1-2B
C-terminus in the K1/K10“°'*-2B complex (light blue
chain in Figure 4b). The K10-2B molecule containing the
C401A mutation has minimal backbone deviation com-
pared to the native structure. Examination of the electron
density at position 401 on K10 confirmed the C401A sub-
stitution and the absence of a disulfide linkage in the K1/
K10“'A-2B structure (Figure 4c).

Crystal lattice packing of K1/K10¢4"A-2B

Surprisingly, despite achieving high resolution dif-
fraction, the estimated solvent content of the K 1/K 104014~
2B crystals is still ~ 79% with a Matthews coefficient of
5.85. The K104 mutation caused a different packing
of molecules in the crystal lattice compared to the one
of wild-type K1/K10-2B. No disulfide-linked X-shape
structures are present in the K1/K104'A-2B crystal lat-
tice (Figure 5). Within the K1/K10¢4!2-2B crystal lattice
there exists an octameric assembly of 2B heterodimers
(Figure 5c). This octameric assembly consists of two
major heterodimer interactions: 1) an approximately
half-staggered anti-parallel alignment of 2B heterodimers
and 2) a splayed C-terminal tetrameric interface.

K1-2B — K1*-2B K1-2B — K10°4-28
Interactions (distance, A)  Interactions (distance, A)

R483-E489’ (4.09/3.52*) L475-1446 (4.52)

L486-L486’ (3.80) E478-R450 (4.38/3.65%)

E489-R483' (4.25/3.52*)  1479-1446 (3.36)

Y482-R450 (4.00/3.51%)

Key amino acid interactions in K1/K10°¢4"A-2B
octameric assembly

The molecular interactions driving the half-staggered
anti-parallel 2B heterodimers and the splayed C-terminal
tetrameric interface involve a discrete set of residues:
notably, the C-terminus of K1-2B plays a major role
in both complexes (Figure 6). In the half-staggered an-
ti-parallel 2B heterodimers there are five K1-2B residues
(L473, L477, T481, T484, L485) that interact with eight
K100'2-2B residues (S405, Q406, A409, Q410, A413,
L414, Q417, 1421) over distances less than 5 A (Figure
6a; Table 3). The half-staggered anti-parallel 2B complex
also involves four KI1-K1’ interactions: Q466-A459°,
Q466-L462°, N470-K455°, and L473-K455°. All of
these interactions occur twice in a single half-staggered
anti-parallel 2B complex due to an axis of symmetry at
R463%!,

K1 residues are also critical to the stabilization of the
splayed C-terminal tetrameric interface (Figure 6b). This
complex is primarily stabilized by symmetric salt bridges
from K1 residues R483 and E489; they surround a hydro-
phobic interaction between L486¥! from partner helices.
Other contributory interactions to the splayed C-terminal
tetrameric interface involve four K1-2B residues (L475,
E478, 1479, Y482) and two K10%'4-2B residues (1446,
R450). R450%1° is involved in an intra-heterodimer salt
bridge with E478%! and Y482%!,

Two adjacent half-staggered anti-parallel 2B het-
erodimers have one additional K10-K10’ contact inter-
face that helps stabilize the octameric assembly (Figure
7a). This interface consists of seven K10“°'4-2B residues
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Figure 6. Residue interactions contributing to the K1/K10¢4?'A-2B octameric assembly. (a) Within the K1/K10¢41A-
2B octameric assembly, one tetrameric interface is defined by half-staggered anti-parallel 2B heterodimers (top, green).
The molecular surface for the half-staggered anti-parallel 2B tetramer is shown in pink (K10%4°"4) and light blue (K1-2B).
Specific amino acid interactions by the C-terminus of K1-2B that are critical for tetramer stabilization are depicted (lower
half). (b) A second tetrameric interface within the K1/K10°4°'A-2B octameric assembly occurs exclusively between the
splayed C-terminal ends of two 2B heterodimers: hence, a “splayed C-terminal tetrameric interface” (top, green). Its
molecular surface is shown in pink (K10°4'*) and light blue (K1-2B). Specific amino acid interactions by the C-termini of
K1-2B and K10%4°"A that are critical for tetramer stabilization are depicted, including important salt bridges (lower half).
(c) Partial, aligned, amino acid sequences for the C-terminal half of helix 2B for K1 and K10°4°"A, Residues participating
in contacts < 5 A in either the half-staggered or splayed tetrameric interface are colored light blue (K1) or pink (K10c40A)
on the sequence. There is a clustering of residues involved in important contacts at the C-terminus of K1-2B and the
K10-2B region just distal to the C401A substitution site (bold red “A”).

(A391, A394, E395, R399, V402, Q403, Q406) around 1377, L379, L383, A384, A391, L393, A394) contribute
the C401A site that contact seven C-terminal K10“'*-  to solvent-accessible hydrophobic surface at the N-ter-
2B’ residues (N444, Q447, T448, Y449, S451, L452, minus of the 2B heterodimer (inset, Figure 7b). Two

E456) over distances less than 5 A. surface-exposed leucine residues that were prominent

at the C-terminus of the wild-type K1/K10-2B structure
Molecular surface features of the K1/K10%4'A-2B (L473%1, L477%") are buried in the contact interface of
half-staggered tetramer the half-staggered anti-parallel tetramer (Figure 6a). Two

other hydrophobic residues (L436%'%, 1440%!%) that were
surface-exposed in the wild-type structure remain sur-
face-exposed in the K1/K10“°'4-2B structure. L4521,
which was surface-exposed in the wild-type structure,
participates in the K10-K10’ contact interface in the oct-

Hydrophobic surface potential was mapped onto
the molecular surface of the half-staggered anti-parallel
tetramer and demonstrated nearly identical solvent-ac-
cessible hydrophobicity at the N-terminal half of the K1/
K10%1A-2B heterodimer as the prior wild-type structure

(Fig 7b) [14]. Five K1-2B residues (1396, L401, V404, americ assembly (Figure 7a). , ,
L1408, L422) and eight K10“0*2B residues (V372 Crystal size and morphology was improved with the
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Figure 7. Molecular surface analysis of K1/K10¢4'A-2B half-staggered tetramer. (a) Within the K1/K10°4'A-2B
octameric assembly, two half-staggered anti-parallel tetramers make a contact at a K10-K10’ interface. The K10 residues
involved in this interface are depicted structurally (inset, pink) and mapped onto the amino acid sequence (left). One
K10 interface (391-407) occurs around the C401A site (red “A”; “*” denotes the structural location of K10%°'A whose
side chain faces away from the viewer). The other K10 interface (440-456) occurs at the C-terminus of K10-2B. (b)
Molecular surface of the K1/K10¢4°'A-2B half-staggered anti-parallel tetramer colored by hydrophobic potential (orange
is more hydrophobic). Surface-exposed hydrophobic residues are clustered at the N-terminus of the 2B heterodimer
(inset, left). Other surface-exposed hydrophobic residues identified in the previous wild-type structure are buried in the
symmetric C-terminal binding interface, which contains three adjacent cavities in the center of the tetramer (panel b,
bottom). Two N-Octyl-pB-D-glucoside molecules are bound in these cavities. (c) Molecular surface of the K1/K10¢40'A-
2B half-staggered anti-parallel tetramer colored for electrostatic potential (red, acidic; blue, basic). The symmetric
C-terminal binding interface at the center of the half-staggered anti-parallel tetramer is highly acidic. (d) 107 bound
waters (red spheres) were modeled in the K1/K10¢4'A-2B heterodimer structure.

addition of N-Octyl-B-D-glucoside to the crystallization  tjon is highly acidic (the most acidic region of the entire

solution; therefore, it was not surprising to identify two
bound N-Octyl-B-D-glucoside molecules in the structure
(Figure 7b, lower inset). They bound at a symmetric
central cavity created by a gap in the contact interface of
the half-staggered anti-parallel tetramer. Besides binding
N-Octyl-B-D-glucoside, this particular contact interface
is highly acidic. Mapping of electrostatic surface poten-
tial onto the molecular surface of K1/K10*'*-2B in the
context of the half-staggered anti-parallel tetramer re-
vealed that the contact interface driving tetramer forma-

structure) (Figure 7c). One-hundred-and-seven bound
waters were identified in the K1/K10“°'4-2B structure
(Figure 7d).

K1/K10%*"A-2B structure does not capture A,,
tetrameric alignment

The A,, mode of tetramer alignment as proposed by
Steinert and colleagues from cross-linking studies [13,32]
describes two anti-parallel keratin heterodimers whose
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Figure 8. The K1/K10%4'A-2B structure does not capture the A, tetrameric alignment. (a) Schematic of the proposed
A,, tetramer alignment based on prior cross-linking and nearest neighbor analysis. The two K1/K10 heterodimers
have their 2B regions in-phase. The knob (triangle) and pocket (partial circle) structural elements identified in the
1B region are depicted. (b) Six cross-linked mouse K1- and mouse K10-2B tryptic peptides were identified in prior
biochemical cross-linking studies on mature K1/K10 IFs (left). The mouse peptide sequences are translated into their
corresponding human sequences (right), demonstrating many of the lysines involved in the mouse keratin cross-links
are not conserved in humans. (¢) The human residues corresponding to the key lysine residues involved in mouse
cross-links are mapped onto the K1/K10¢40'A-2B half-staggered anti-parallel tetramer structure. (d) The amino acid
sequence for seventeen residues at the C-terminus of helix 2B for K1/K10 and K5/K14 are illustrated. Five human
skin diseases map to mutations in this “mutational hotspot” in keratins 1/10 and 5/14: epidermolytic ichthyosis (El;
formerly known as epidermolytic hyperkeratosis or bullous congenital ichthyosiform erythroderma), cyclic ichthyosis
with epidermolytic hyperkeratosis (CIEH), epidermolytic palmoplantar keratoderma (EPPK), epidermolysis bullosa
simplex (EBS, including Koebner, Weber-Cockayne, and Dowling-Meara types), and recessive epidermolysis bullosa
simplex (REBS). Residues that are mutated in one of these skin diseases are enclosed in a red box. Colored lines
connect the residue with the appropriate disease listed in the center based upon keratin mutations documented online
in the Human Intermediate Filament Database.

2B domains are in-phase (not half-staggered) and planar
(the interaction is not at an angle) (Figure 8a). Analysis of
the unit cell of the K1/K104*'-2B structure did not show
any 2B heterodimers packed in-phase (Figure 5), but it
did show a half-staggered anti-parallel tetramer (Figures
5-7). To fully evaluate whether any of the previously
identified chemical cross-links establishing the A,, mode
were present in the K1/K10“'4-2B half-staggered an-

ti-parallel tetramer structure, we translated the cross-link
sequences from mouse to human and mapped them onto
the K1/K10“'2-2B structure (Figures 8b,c). Of the six
pairs of cross-links (involving 8 lysines and 4 cysteines),
only three of the lysine residues are conserved in humans
and none of the cysteine residues. Three other lysine res-
idues are arginine residues in the human sequence. In to-
tal, none of the corresponding human residues displayed
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the expected proximity for an A, alignment based on the
previous cross-linking experiments [13].

DISCUSSION

There are 54 different keratin proteins, but only four
have experimentally determined structures (K1/K10 and
K5/14 complexes, Table 1). This structural knowledge
gap for keratins is important to overcome because ker-
atins are significant players in human health and disease
[1,3]. It is well-established that a “divide-and-conquer”
approach to crystallization of IF proteins is beneficial
because it reduces the size and flexibility of the crystal-
lization target [31,33]. However, in the wild-type K1/
K10-2B crystal structure, even the smaller 2B fragment
demonstrated enhanced flexibility at the N-terminus of
K10 and achieved modest resolution (3.3 A) [14]. We hy-
pothesized that the resolution for that structure was lim-
ited due to a transdimer disulfide bond between K10
residues which generated an X-shaped structure (Figure
1d). Here, we substituted the cysteine with alanine and
observed several outcomes in the human K1/K10“*'-2B
structure: 1) the disulfide bond was eliminated, 2) the
crystal lattice packing was altered, and 3) the diffraction
data obtained is of the highest resolution to date for any
keratin structure (Table 1).

Interestingly, despite the C401A substitution occur-
ring in K10, it was K1-2B that demonstrated the largest
helical deviation when the KI1/K10“'2-2B structure
was superposed onto the wild-type K1/K10-2B structure
(Figure 4b). This occurred because the K1-2B C-termi-
nus contributed several molecular contacts in the crystal
lattice that stabilized an octameric assembly, composed
of what we termed a half-staggered anti-parallel tetramer
and a splayed C-terminal tetrameric interface (Figures
5 and 6). We hypothesized that the C401A substitution
would enable the K1/K10%*'*-2B heterodimer to pack
in the A, tetramer mode of alignment [13,34]; howev-
er, biophysical analysis using MALS demonstrated K1/
K10“'A-2B is a heterodimer in solution. This is in con-
trast to the K1/K10-1B A , tetramer structure, where prior
to crystallization a stable tetrameric complex was ob-
served in solution [19]. It is critical that solution biophys-
ics, in vitro filament assembly, or cell biology data exist
to support conclusions made about IF assembly from
crystal lattice contacts. Our analysis of the K1/K104'A-
2B half-staggered anti-parallel tetramer observed in the
crystal lattice did not recapitulate any of the keratin cross-
links identified by Steinert and colleagues in mice (Figure
8). Therefore, we conclude that the octameric assembly
observed here is likely not a physiological complex pres-
ent within a mature 10-nm IF.

While it is important to not over-interpret the
physiological relevance of crystal lattice contacts in a

crystal, some of the molecular contacts in the octameric
assembly may reflect potential interactions in K1/K10
IFs at the reducing conditions in the cell. We observed
multiple molecular contacts in the C-terminus of K1/
K10“'A-2B, a region known to be a mutational hotspot
for clinically-relevant human skin diseases (Figure 8d).
Furthermore, it has been shown that the “R/KLLEGE”
sequences in the K5 and K14 2B C-terminus regulate
lateral alignment within K5/K14 IFs, not filament elon-
gation [22]. Additionally, there are surface-exposed
C-terminal hydrophobic residues in the wild-type K1/
K10-2B structure (e.g. L473%!, L477%") that are buried in
the contact interface of the half-staggered anti-parallel te-
tramer, suggesting surface-exposed hydrophobic residues
at the C-terminus of helix 2B may play a role in lateral as-
sembly of IFs. Lastly, the helix 2B electrostatic potential
at the C-terminus is very acidic—the most acidic aspect
of the molecule. In total, there are four lines of evidence
that the C-terminal region of helix 2B plays an important
role in IF assembly—likely the lateral assembly of proto-
filaments and/or protofibrils: 1) molecular contacts in this
crystal structure, 2) pathologic mutations from patients,
3) in vitro filament data on TYR*LLEGE sequences
conserved in keratins, 4) distinct hydrophobic and acidic
molecular surface properties. We interpret this collection
of data to mean that the helix 2B C-terminus potentially
functions as a regulator of lateral packing within a mature
10-nm filament (but not necessarily the only regulator).
This is consistent with our recent model for IF assembly
that centers around the A | tetramer as the building block
for IF assembly based on the biochemical and structural
evidence available [19].

It is important to strive for atomic resolution struc-
tures that more clearly delineate how specific IF regions
regulate length and width during IF assembly. This level
of molecular detail is essential to understanding the gen-
otype-structurotype-phenotype correlation for IF-related
diseases. It is also a precursor for developing precision
therapeutics that target and manipulate the IF networks
in cells.
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