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Abstract: Helicases are a highly conserved class of enzymes that unwind the double helix of DNA, providing ac-
cess to single-stranded DNA. Found in all living organisms and viruses, helicases function as motor pro-

teins in replication, transcription, and remodeling of DNA. A common sexually-transmitted oncovi-
rus, human papillomavirus (HPV) uses E1 helicase, the most studied helicase protein because 

of the ease by which it can be isolated. The only enzyme encoded in the HPV episome, E1 
hexameric helicase is a ring-shaped translocase that belongs to the AAA+ family and 
superfamily 3. E1 has near exact rotational symmetry with respect to its six sub-

units. Each monomer comprises a central five-stranded anti-parallel beta-sheet 
and six alpha helices. Conserved sequence motifs Walker A and B and an 

arginine finger participate in the binding and hydrolysis of ATP causing 
conformational changes in β-hairpins, powering the walking movement 

along the ssDNA. Assembling first as a double-trimer at the replica-
tion origin and then into two homohexamers on opposing strands, 
E1 separates the dsDNA into ssDNA by occlusion in the 3’→5’ 

direction. Asymmetric sequential progression of ATP hydro-
lysis around the hexameric ring at catalytic sites between 

monomers powers translocation of E1. An understanding 
of its functional domains and how they interact with each 

other, DNA, and host proteins is necessary to elucidate 
the overall mechanism of helicase function. Using 3D 

printing technology, The Governor’s Academy SMART 
(Students Modeling A Research Topic) Team modeled 
the E1 helicase to provide vital insight into the mech-
anism of eukaryotic DNA replication and potentially 

promote development of therapeutic treatments.

Introduction: Human papillomavirus (HPV) is 
a sexually transmitted DNA oncovirus that caus-
es genital warts and cervical cancer. Upon infec-
tion of basal skin stem cells, HPV proteins cause 

unscheduled cell division forming lesions from 
the basal layer up. As cells move up through lay-

ers of the epidermis, they differentiate to a ter-
minal state in the outer layer where the mature 

virus leaves. E1 hexameric helicase plays an es-
sential role during the viral life cycle and is the 

only enzyme encoded by both HPV and closely-re-
lated bovine papillomavirus (BPV). Mutant forms 

of the enzyme are associated with cancer and prema-
ture aging.  Serving as a molecular motor protein vi-

tal to unwinding DNA, E1 is a member of superfamily 
3, and the AAA+family (ATPases associated with cellu-
lar activities) which are characterized by their conserved 

nucleotide-binding module. It is one of the most well-char-
acterized helicases because it is easily isolated and produces 

reliable x-ray crystallography results. E1 assembly begins with 
the formation of two initial trimers which bind to the origin of 

replication (with aid from E2), where they assemble to form a dou-
ble hexamer. Each subunit comprises five α-helices and four β-sheets. 
The six subunits assemble to form a ring-shaped hexamer with beta hair-

pins protruding into a narrow 13-20 Å central channel that can only ac-
commodate ssDNA. At each interface between monomers, ATP-binding sites 
are created by conserved Walker A, Walker B, and sensor 1 motifs on one mono-
mer, and sensor 2, sensor 3, and an arginine finger on the adjacent monomer. E1 heli-
case most likely changes conformation via an “asymmetric rotary” mechanism by which 

the six subunits cycle between ATP, dephosphorylated ATP, and apo (or empty) states.
 

Modeling the structure of the E1 helicase molecular machine leads to a deeper understanding of how it func-
tions. The asymmetric rotary model describes the pattern of conformational changes in the subunits, 

which rotate from a single ATP state, to four intermediate dephosphorylated states, to a single 
apo (or empty) state. The ATP-type state, is characterized by the beta-hairpin in its highest 

position reaching up the ssDNA strand to bind to a γ-phosphate farther down the chain. 
The ATP-like coordination has multiple interactions within the ATP binding site. 

Sensor 2 K425 engages the α-phosphate of ATP with tyrosine D499 in addi-
tion to engaging the β-Phosphate. Sensor 3 binds to the Walker B aspartate 

and Sensor 1 as well as the nearby D489. These interactions hold ATP in 
place as the catalytic work is carried out by the arginine finger R538 

and Sensor 1 which engage the γ-Phosphate of the ATP.The ADP-
type bound state corresponds with the intermediate, middle posi-

tion of the β-hairpin. This configuration has fewer interactions 
than the ATP-type. Sensor 3 has interactions with Walker B 

and Sensor 1 as in the previous state. Y534 of the arginine 
finger is sandwiched between R538 of the arginine fin-

ger and sensor 3, preventing interactions observed in the 
ATP-like state. The location of K425 Sensor 2 is too 
distant to engage ADP while Walker A remains bound 
to the β-phosphate of the ADP and Y499 interacts 
with the α-phosphate.The Apo state results in the 
β-hairpin in the lowest position in the central chan-
nel. There are no observed interactions in the ac-
tive site at this conformation as there is no ATP 
bound and no interactions between monomers.
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