
αA
αB

αC
αD

αF
αE

αH

αI

αK

αJ

αL1
αL

RαA

RαB

RαD

RαE

αB1

αA
αB

αC
αD

αF
αE

αH

αI

αK

αJ

αL1
αL

RαA

RαB

RαD

RαE

αB1

Authors: Eric T. Baldwin¥, Matthias Gotte±, Egor Tchesnokov±, Eddy Arnold£, Margit Hagel¥, Charles Nichols₭,  
Pam Dossang₭, Marieke Lamers₭, Paul Wan₭, Stefan Steinbacher€, Donna Romero¥    

¥ROME Therapeutics, Boston MA 
±Department of Medical Microbiology & Immunology, University of Alberta, Alberta, Canada

£Center for Advanced Biotechnology and Medicine (CABM), and Department of Chemistry & Chemical Biology, Rutgers University, Piscataway, NJ
€Proteros biostructures GmbH, Planegg-Martinsried, Germany

₭Charles River Laboratory, Chesterford Research Park, United Kingdom 

Human endogenous retroviruses (HERVs) comprise nearly 8% of the human genome and are believed to be derived from 
ancient integrations of exogenous retroviruses into the germline. These viral genomes are disabled by the accumulation of 
mutations which prevent the production of infectious viral particles in humans, but a significant number of intact proteins 
are still capable of being produced by HERV-encoded genes. Among these are reverse transcriptases (RT) derived from 
dozens of copies of the HERV-K HML-2 subtype. Tight epigenetic control mechanisms suppress transcription of HERV-K 
genes in normal healthy tissues, but this repression is lost in certain disease states, such as cancer. The functional roles of 
these HERV-K RTs are poorly defined, but there is accumulating evidence suggesting a potential pathological role in cancer, 
autoimmune, and neurodegenerative diseases. HERV-K RT-selective inhibitors would be extremely useful tools for exploring 
this biology. To facilitate the discovery and development of such tools, we expressed active HERV-K RT and determined the 
X-ray structure of ternary complexes of this enzyme with a dsDNA template/primer and a dideoxynucleotide. HERV-K RT is 
very similar to HIV-1 RT. We demonstrate a range of RT inhibition with anti-retroviral nucleotide analogs, while classic non-
nucleoside analogs do not inhibit HERV-K RT.

Backbone superimposition highlights remarkable similarity of HERV-K RT with HIV-1 RT

Figure F. Nucleotide analog-
dependent inhibition of the 
DNA polymerization activity 
of HIV-1 and HERV-K RTs. 
(a) Denaturing PAGE of 
the products of HIV-1 and 
HERV-K RT using the DNA/
RNA primer/template shown 
on top of each subpanel. 
5’-end of the primer is 
radiolabeled with 32P to allow 
the detection of products. 
i indicates the unique site 
for the incorporation of 
the respective nucleotide 
analog. Lane m illustrates 
the migration pattern of the 
5’-end radiolabeled 19-nt 
long primer. (b) Calculated 
IC50 values of the nucleotide 
analogs shown in (a). 
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Conclusions
We have determined the first structure of a human endogenous retrovirus reverse transcriptase. We found that the 
enzyme exists as a homodimer and adopts a quaternary structure very similar to the asymmetric heterodimer of HIV-1 
RT. The structure is a ternary complex comprising HERV-K RT, template/primer and nucleoside-triphosphate. We also 
demonstrated that a few known nucleoside triphosphates inhibit HERV-K RT and that HERV-K RT is not inhibited by two 
known HIV-1 NNRTIs, nevirapine and efavirenz. This structure enabled us to rationalize the binding of the nucleoside 
inhibitors to HERV-K RT and to explain the lack of inhibition by the NNRTIs. The structure will be useful for the design 
HERV-K specific inhibitors in the future. Such tool molecules would allow us to study the connection of HERV-K RT 
activity and disease.
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Human endogenous retroviruses (HERV) comprise nearly 8% of the human genome and are believed to be derived from ancient
integrations of exogenous retroviruses into the germline. These viral genomes are disabled by the accumulation of mutations
which prevent the production of infectious viral particles in humans, but a significant number of intact proteins are still capable
of being produced by HERV-encoded genes. Among these are reverse transcriptases (RT) derived from dozens of copies of the
HERV-K HML-2 subtype. Tight epigenetic control mechanisms suppress transcription of HERV-K genes in normal healthy tissues,
but this repression is lost in certain disease states, such as cancer. The functional role of these HERV-K RTs is poorly defined, but
there is accumulating evidence suggesting a potential pathological role in cancer, autoimmune, and neurodegenerative diseases.
HERV-K RT-selective inhibitors would be extremely useful tools for exploring this biology. To facilitate the discovery and
development of such tools, we expressed active HERV-K RT and determined the X-ray structures of two ternary complexes of this
enzyme with both a dsDNA substrate and an RNA/DNA template/primer. A detailed comparison of HERV-K RT with other RTs of
known structure reveals similarities to diverse RT families as well as differences that could be exploited in the development of
selective inhibitors.

Structure Determination
• Single anomalous dispersion (SAD) used to solve the structure of a ternary complex of HERV-K RT with dsDNA and ddTTP

from multiple mercury sites in space group P61.
• Subdomains of HIV-2 RT (1MU2.pdb) positioned into the electron density map using COOT
• Initial model rebuilt and molecular replacement was used with this new model for HERV-K RT ternary complex to solve a

higher resolution data set in space group P31 that contained two ternary complexes with dsDNA in the asymmetric unit.

HERV-K RT is an asymmetric homodimer in the ternary complex with subdomain arrangement and subunit interactions that are
remarkably similar to HIV-1 RT despite the overall low sequence identity (27.5%) (Figure A).
• Molecule A (molA, gray) of HERV-K RT adopts the active polymerase/RNase H configuration of the P66 subunit of HIV-1
• Molecule B (molB,tan) adopts an alternative folding similar to HIV-1 P51.
• HERV-K RT the RNase H domain of molB disordered and not present in the final refined model. We confirmed that crystals

contained homodimer and that no evidence of P51-like cleavage of RNase H domain occurred (as observed in HIV-1) (Figure B)

Figure C. HERVK RT molA and molB colored by subdomain. MolA:
Fingers (blue), Palm (red), Thumb (green), Connection (yellow), RNase
H (orange). MolB: Fingers (periwinkle), Palm (pink), thumb (light green),
Connection (mustard). The polymerase active site is on the left and the
RNase H active site on the right.

Figure E. MolB: The alpha helices of HERVK are
indicated. AlphaF2 of the molB Palm is a
unique helix in HERVK. The equivalent stretch
in molA is a coil which is similar to HIV-1 RT.

Figure B. The HERV-K RT
crystals contain a
homodimeric protein. There is
no evidence of proteolyic
cleavage of the molB RNase H
domain (as observed in HIV-1
RT).

Figure F. Nucleotide analog-dependent inhibition of the DNA polymerization activity of HIV-1 and HERV-K RTs. (b) Denaturing PAGE migration
patterns of the products of DNA polymerization activity of purified HIV-1 and HERV-K RTs on a DNA/RNA primer/template as shown on top of each
subpanel. The numbering on top of the RNA template indicates the length (nucleotide, nt) of the primer (19 nt) and of the full template-length
product (29 or 40 nt). 5’-end of the primer is radiolabeled with 32P to facilitate the detection of products. i indicates the unique site for the
incorporation of the respective nucleotide analog. DNA polymerization activity was monitored at 37°C for 10 minutes in the presence of dNTP
cocktail, MgCl2 and the indicated concentrations of nucleotide analogs. Lane m illustrates the migration pattern of the 5’-end radiolabeled 19-nt long
primer. (c) Graphical representation and data analysis used to determine the IC50 values of the nucleotide analogs shown in (b). The experiments were
repeated at least three times to determine the average and standard deviation values.

Figure G. Nevirapine- and efavirenz-dependent inhibition of the DNA
polymerization activity of HIV-1 and HERV-K RTs. (b) Denaturing PAGE
migration patterns of the products of DNA polymerization activity of purified
HIV-1 and HERV-K RTs on a DNA/RNA primer/template as shown on top of
the panel. HERV-K RT is not inhibited by either NNRTI.

Conclusions

Figure D. Superimposition
of HIV-1 (5txl.pdb) [in
gray] upon HERVK RT
(X105) molA with an
RMSD of 2.67 Å for 381
alpha carbon atoms. The
alpha helices of HERVK
are indicated. The
distance from the
Polymerase active site to
the RNase H active site
are identical between the
two enzymes
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Figure A. Left HERV-K RT structure with molA (grey) and molB (tan). The polymerase active site is on the left and is indicated by
the Mg ion. The RNase H active site is on the right. Right HIV-1 RT 5D5G.PDB with the same coloration (gray p66 and tan p51).

Mg++

Backbone superimposition highlights remarkable similarity of HERVK RT with HIV-1 RT

We have determined the first X-ray structure of human endogenous retrovirus reverse transcriptase. In our
hands, the enzyme exists as a homodimer however adopts a quaternary structure very similar to the
asymmetric heterodimer of HIV-1 RT.The structure is a ternary complex between the RT, template/primer and
nucleoside-triphosphate. We also demonstrate that a few well-known nucleoside triphosphates inhibit HERV-K
RT and that HERV-K RT is not inhibited by two the HIV-1 NNRTIs, nevirapine and efavirnez. This complex enables
us to rationalize the binding of known nucleoside inhibitors to HERV-K RT and the lack of inhibition of two
known NNRTIs. The structure will be useful for the design HERV-K specific inhibitors in the future . These tool
molecules would allow us to study the connection of HERV-K RT expression to disease

Figure G. Nevirapine- and efavirenz-dependent inhibition 
of the DNA polymerization activity of HIV-1 and HERV-K 
RTs. Denaturing PAGE migration patterns of the products of 
DNA polymerization activity of purified HIV-1 and HERV-K 
RTs on a DNA/RNA primer/template as shown on top of the 
panel. HERV-K RT is not inhibited by either NNRTI.

Figure E. Superimposition 
of HIV-1 (5TXL.PDB) [in 
gray] upon HERV-K RT 
molA with an RMSD of 
2.67 Å for 381 α carbon 
atoms. The α helices of 
HERV-K are indicated. 
The distance from the 
polymerase active site to 
the RNase H active site 
are very similar between 
the two enzymes. The 
polymerase active site is 
on the left and the RNase 
H active site on the right.

Human endogenous retrovirus-k (HERV-K) reverse transcriptase (RT) forms an asymmetric homodimer reminiscent of HIV-1 RT

Structure Determination
•  Single anomalous dispersion (SAD) was used to solve the structure of a ternary complex of HERV-K RT with dsDNA and 

ddTTP from multiple mercury sites in space group P61.

•  Subdomains of HIV-2 RT (1MU2.PDB) were positioned into the electron density map using COOT.

•  Initial model was rebuilt and molecular replacement was used with this new model for HERV-K RT ternary complex 
used to solve a higher resolution data set in space group P31 that contained two ternary complexes with dsDNA in the 
asymmetric unit.

Figure A. Left HERV-K RT structure with molA (gray) and molB (tan). The polymerase active site is on the left and is in the vicinity of 
the Mg++ ion. The RNase H active site is on the right. Right HIV-1 RT 5D5G.PDB with the same coloration (gray p66 and tan p51). 
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Figure C. HERV-K RT molA and molB colored by 
subdomain. MolA: Fingers (blue), Palm (red), Thumb 
(green), Connection (yellow), RNase H (orange). MolB: 
Fingers (periwinkle), Palm (pink), Thumb (light green), 
Connection (mustard). 

Figure D. MolB: The α helices of HERV-K are indicated. 
αF2 of the molB Palm is a unique helix in HERV-K. The 
equivalent stretch in molA is a coil which is similar to HIV-
1 RT. MolB: Fingers (periwinkle), Palm (pink), Thumb (light 
green), Connection (mustard). 

HERV-K RT is an asymmetric homodimer in the ternary complex with subdomain 
arrangement and subunit interactions that are remarkably similar to HIV-1 RT despite 
the overall low sequence identity (27.5%) (Figure A).
•  Molecule A (molA, gray) of HERV-K RT adopts the active polymerase/RNase H configuration of the p66 subunit of HIV-1.

•  Molecule B (molB,tan) adopts an alternative folding similar to HIV-1 p51. 

Figure B. HERV-K RT RNase H domain of molB is disordered and not present in the final refined 
model. We confirmed that crystals contained homodimer and that no evidence of p51-like 
cleavage of RNase H domain occurred, as observed in HIV-1. 
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Human endogenous retroviruses (HERV) comprise nearly 8% of the human genome and are believed to be derived from ancient
integrations of exogenous retroviruses into the germline. These viral genomes are disabled by the accumulation of mutations
which prevent the production of infectious viral particles in humans, but a significant number of intact proteins are still capable
of being produced by HERV-encoded genes. Among these are reverse transcriptases (RT) derived from dozens of copies of the
HERV-K HML-2 subtype. Tight epigenetic control mechanisms suppress transcription of HERV-K genes in normal healthy tissues,
but this repression is lost in certain disease states, such as cancer. The functional role of these HERV-K RTs is poorly defined, but
there is accumulating evidence suggesting a potential pathological role in cancer, autoimmune, and neurodegenerative diseases.
HERV-K RT-selective inhibitors would be extremely useful tools for exploring this biology. To facilitate the discovery and
development of such tools, we expressed active HERV-K RT and determined the X-ray structures of two ternary complexes of this
enzyme with both a dsDNA substrate and an RNA/DNA template/primer. A detailed comparison of HERV-K RT with other RTs of
known structure reveals similarities to diverse RT families as well as differences that could be exploited in the development of
selective inhibitors.

Structure Determination
• Single anomalous dispersion (SAD) used to solve the structure of a ternary complex of HERV-K RT with dsDNA and ddTTP

from multiple mercury sites in space group P61.
• Subdomains of HIV-2 RT (1MU2.pdb) positioned into the electron density map using COOT
• Initial model rebuilt and molecular replacement was used with this new model for HERV-K RT ternary complex to solve a

higher resolution data set in space group P31 that contained two ternary complexes with dsDNA in the asymmetric unit.

HERV-K RT is an asymmetric homodimer in the ternary complex with subdomain arrangement and subunit interactions that are
remarkably similar to HIV-1 RT despite the overall low sequence identity (27.5%) (Figure A).
• Molecule A (molA, gray) of HERV-K RT adopts the active polymerase/RNase H configuration of the P66 subunit of HIV-1
• Molecule B (molB,tan) adopts an alternative folding similar to HIV-1 P51.
• HERV-K RT the RNase H domain of molB disordered and not present in the final refined model. We confirmed that crystals

contained homodimer and that no evidence of P51-like cleavage of RNase H domain occurred (as observed in HIV-1) (Figure B)

Figure C. HERVK RT molA and molB colored by subdomain. MolA:
Fingers (blue), Palm (red), Thumb (green), Connection (yellow), RNase
H (orange). MolB: Fingers (periwinkle), Palm (pink), thumb (light green),
Connection (mustard). The polymerase active site is on the left and the
RNase H active site on the right.

Figure E. MolB: The alpha helices of HERVK are
indicated. AlphaF2 of the molB Palm is a
unique helix in HERVK. The equivalent stretch
in molA is a coil which is similar to HIV-1 RT.

Figure B. The HERV-K RT
crystals contain a
homodimeric protein. There is
no evidence of proteolyic
cleavage of the molB RNase H
domain (as observed in HIV-1
RT).

Figure F. Nucleotide analog-dependent inhibition of the DNA polymerization activity of HIV-1 and HERV-K RTs. (b) Denaturing PAGE migration
patterns of the products of DNA polymerization activity of purified HIV-1 and HERV-K RTs on a DNA/RNA primer/template as shown on top of each
subpanel. The numbering on top of the RNA template indicates the length (nucleotide, nt) of the primer (19 nt) and of the full template-length
product (29 or 40 nt). 5’-end of the primer is radiolabeled with 32P to facilitate the detection of products. i indicates the unique site for the
incorporation of the respective nucleotide analog. DNA polymerization activity was monitored at 37°C for 10 minutes in the presence of dNTP
cocktail, MgCl2 and the indicated concentrations of nucleotide analogs. Lane m illustrates the migration pattern of the 5’-end radiolabeled 19-nt long
primer. (c) Graphical representation and data analysis used to determine the IC50 values of the nucleotide analogs shown in (b). The experiments were
repeated at least three times to determine the average and standard deviation values.

Figure G. Nevirapine- and efavirenz-dependent inhibition of the DNA
polymerization activity of HIV-1 and HERV-K RTs. (b) Denaturing PAGE
migration patterns of the products of DNA polymerization activity of purified
HIV-1 and HERV-K RTs on a DNA/RNA primer/template as shown on top of
the panel. HERV-K RT is not inhibited by either NNRTI.

Conclusions

Figure D. Superimposition
of HIV-1 (5txl.pdb) [in
gray] upon HERVK RT
(X105) molA with an
RMSD of 2.67 Å for 381
alpha carbon atoms. The
alpha helices of HERVK
are indicated. The
distance from the
Polymerase active site to
the RNase H active site
are identical between the
two enzymes
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Figure A. Left HERV-K RT structure with molA (grey) and molB (tan). The polymerase active site is on the left and is indicated by
the Mg ion. The RNase H active site is on the right. Right HIV-1 RT 5D5G.PDB with the same coloration (gray p66 and tan p51).

Mg++

Backbone superimposition highlights remarkable similarity of HERVK RT with HIV-1 RT

We have determined the first X-ray structure of human endogenous retrovirus reverse transcriptase. In our
hands, the enzyme exists as a homodimer however adopts a quaternary structure very similar to the
asymmetric heterodimer of HIV-1 RT.The structure is a ternary complex between the RT, template/primer and
nucleoside-triphosphate. We also demonstrate that a few well-known nucleoside triphosphates inhibit HERV-K
RT and that HERV-K RT is not inhibited by two the HIV-1 NNRTIs, nevirapine and efavirnez. This complex enables
us to rationalize the binding of known nucleoside inhibitors to HERV-K RT and the lack of inhibition of two
known NNRTIs. The structure will be useful for the design HERV-K specific inhibitors in the future . These tool
molecules would allow us to study the connection of HERV-K RT expression to disease
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