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Biochemistry 
 
Many essential metabolic enzymes self-assemble into filamentous polymers which serve as a 

layer of allosteric regulation. One example is the highly conserved enzyme Inosine-5'-

monophosphate dehydrogenase (IMPDH) that catalyzes the first committed step in GTP 

synthesis and dynamically forms filamentous ultrastructures in response to metabolic demands. 

The human IMPDH1 isoform is of particular interest because mutations in IMPDH1 lead to 

blindness in humans. Although IMPDH1 has two unique splice variants in the retina, very little is 

known about how the retinal variants are structurally or allosterically different from the canonical 

variant. A series of cryo-EM structures that demonstrate how the retinal splice variants control 

filament assembly to tune allosteric regulation. We also develop a transgenic zebrafish model to 

study IMPDH1-associated blindness. We anticipate these findings to be a foundation for 

understanding how mutations in the enzyme IMPDH1 lead to retinal degeneration in humans. 

Furthermore, we have shown that a well-established means of metabolic regulation - tissue-

specific splice variants - can add an additional layer of allosteric regulation on top of filament 

assembly to finely tune complex enzyme regulation. 
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Chapter 1: Introduction 
 
1.1 Metabolic Filaments 
Classically, intermediate metabolism has been viewed as a kind of soup of enzymes and 
substrates, partially organized by sequestration into membrane-bound compartments and limited 
primarily by diffusion within those compartments. More recently, however, a significant level of 
physical organization of intermediate metabolism has been uncovered, where dynamic 
reorganization of enzymes into discrete cellular structures is linked to changes in metabolic 
conditions. These structures include multienzyme aggregates that colocalize different enzymes 
in a pathway, and filamentous polymers that form by self-assembly of a single enzyme1,2. 
 
Several dozen different metabolic enzymes are now known to form filamentous polymers in cells 
(for a comprehensive recent review, see3,4). Among the best described of these metabolic 
filaments are inosine-�ƍ-monophosphate dehydrogenase (IMPDH) and CTP synthase (CTPS), 
key regulatory enzymes in the purine and pyrimidine nucleotide biosynthesis pathways, 
respectively. Here, we focus on IMPDH. 
 
How metabolic enzyme polymerization arose during evolution is not well understood. However, 
theoretical and experimental models suggest that single amino acid alterations can be sufficient 
to drive otherwise diffuse enzymes to assemble5,6. This may be especially true for metabolic 
enzymes, which are frequently homo-oligomeric proteins, and therefore the effect of individual 
mutations can be amplified by their presence in each subunit. Indeed, many proteins, and 
particularly metabolic enzymes, have been found to form large assemblies in proteomic and 
imaging-based screens in yeast7±10. 
 
1.2 Physiological role of IMPDH 
IMPDH is an essential enzyme in purine biosynthesis where it catalyzes the first committed step 
in GTP synthesis (Fig. 1.1a). The enzyme converts inosine-�ƍ-monophosphate (IMP) to 
xanthosine monophosphate (XMP) using NAD+ as a cofactor through a multi-step catalysis 
reaction that requires major rearrangements of active site loops and is well characterized11. In 
cells, IMPDH assembles into large filamentous ultrastructures, and recent in vitro work has 
defined the mechanism of IMPDH self-assembly into filaments, and shown that assembly plays a 
role in allosteric regulation12±16.  
 
1.3 Human IMPDH 
In humans, there are two isoforms of IMPDH that share 84% sequence identity: IMPDH2 is found 
in many tissues and is up-regulated in proliferating cells while IMPDH1 plays a housekeeping role 
and is expressed at similar levels in most tissues17±19. In a few tissues including the retina, spleen, 
and resting peripheral blood mononuclear cells, there is minimal IMPDH2 expression and 
IMPDH1 is the predominant isoform19±21. 
 
IMPDH quaternary structure is linked to activity and regulation by adenine and guanine 
QXFOHRWLGHV��7KH�PRQRPHU�LV�FRPSRVHG�RI�D�FDWDO\WLF�GRPDLQ�DQG�D�UHJXODWRU\�F\VWDWKLRQLQH�ȕ-
synthase domain, and constitutively assembles into tetramers through interactions of the catalytic 

https://paperpile.com/c/PLbacO/4mRKA+4PJBe
https://paperpile.com/c/PLbacO/5P11Y+53ZNf
https://paperpile.com/c/PLbacO/zFDa5+n8OUO
https://paperpile.com/c/PLbacO/eBYBv+i1gVL+1J2ay+d75bN
https://paperpile.com/c/PLbacO/mfedv
https://paperpile.com/c/PLbacO/qVL26+MQxvP+bMkeV+QSVcB+6xC4Y
https://paperpile.com/c/PLbacO/nTVeZ+tNasH+Gf32T
https://paperpile.com/c/PLbacO/9b8t7+Gf32T+cutnY
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domains22 (Fig. 1.1b,c). IMP is converted to XMP in an NAD+ dependent reaction in the catalytic 
domain11. The regulatory domain has three allosteric nucleotide binding sites for adenine and 
guanine nucleotides12,14,23 (Fig. 1.1c). Site 1 has a preference for ATP/ADP, site 2 binds ATP/ADP 
and GTP/GDP competitively and site 3 exclusively binds GTP/GDP. Binding of nucleotides in 
sites 1 and 2 drives dimerization of the regulatory domains and formation of octamers, and the 
balance between ATP and GTP binding dictates whether octamers adopt an extended/active 
conformation or a compressed/inactive conformation (Fig. 1.1c)13,14. GTP binding at both 
competitive site 2 and the GTP-only site 3 induces two conformational changes in IMPDH2: 
compression of the octamer and flexing of the catalytic doPDLQV�IURP�DQ�DFWLYH�µIODW¶�WR�D�SDUWLDOO\�
LQDFWLYH�µERZHG¶�FRQIRUPDWLRQ��7KHVH�FKDQJHV�LQDFWLYDWH�,03'+��E\�SUHYHQWLQJ�HVVHQWLDO� ORRS�
movements in the core of the enzyme12,15,24. Nucleotide-dependent assembly of IMPDH2 into 
filaments stabilizes the flat tetramer conformation, but does not prevent compression, allowing 
filamentous IMPDH2 to remain partially active even at high GTP concentrations, consistent with 
the role of IMPDH2 in expanding guanine nucleotide pools during proliferation13,15 (Fig. 1.1d). 
 
1.4 IMPDH filaments in cells 
In vertebrate cells, IMPDH forms filaments in response to the high demand for guanine 
nucleotides25±27. Activation of T-cells also drives the assembly of IMPDH into filaments28,29. Given 
that the human isoforms have a high degree of sequence similarity and most antibodies cannot 
distinguish between isoforms, it is challenging to determine which isoform(s) are in these 
ultrastructures in cells in immunofluorescence experiments25,30±36. Immunogold labeling of fixed 
cells suggest that IMPDH ultrastructures are made up of shorter filaments that laterally interact to 
form bundles37,38. In vitro, both IMPDH isoforms assemble into single stranded filaments13,14,39; 
why these single stranded structures tend to aggregate into bundles in cells remains unclear, and 
may be the result of macromolecular crowding, or be driven by interactions with other cellular 
factors. Thorough characterization of IMPDH filaments in vitro has revealed that nucleotide 
binding to the regulatory domain promotes self-assembly of filaments made of stacked octamers 
(Fig 1.1d)13,14,39. IMPDH2 filaments serve a regulatory function, allowing the protein to resist GTP-
feedback inhibition15 while canonical IMPDH1 filaments have no effect on activity or inhibition16. 
 
1.5 IMPDH co-localization with other enzymes 
IMPDH is reported to directly interact with many other enzymes. Using pulldowns, studies have 
found that IMPDH2 interacts with many proteins but the functional consequences of these 
interactions remains to be investigated40,41,42,43,44. One recently discovered interaction is the 
SARS-CoV-2 protein nonstructural protein 14 (Nsp14)40,41 which we speculate might be a 
mechanism in regulating ,03'+�¶V�UROH�LQ�WKH�LPPXQH�UHVSRQVH28,29. IMPDH interacts with two-
cancer related proteins: the ankyrin domain containing protein 9 (ANKRD9) 42,43 and co-localizes 
with Ras-related C3 botulinum toxin substrate 1 (RAC1) in protrusions of invading cells45. 

Nucleotide biosynthesis is upregulated in many proliferating cancers so one hypothesis is that 
these interactions are a mechanism to up-regulated purine biosynthesis. Finally IMPDH filaments 
in cells co-localize with CTPS filaments30,33,46, the rate-limiting enzyme in pyrimidine biosynthesis 
that also forms allosterically regulated filaments in cells. This interaction is particularly intriguing 
because it suggests there is cross talk between the enzymes responsible for the different 
branches of nucleotide biosynthesis. Together these protein interactions suggest that interaction 

https://paperpile.com/c/PLbacO/WkOee
https://paperpile.com/c/PLbacO/mfedv
https://paperpile.com/c/PLbacO/bMkeV+qVL26+JJtLi
https://paperpile.com/c/PLbacO/bMkeV+MQxvP
https://paperpile.com/c/PLbacO/QSVcB+qVL26+pCv3d
https://paperpile.com/c/PLbacO/QSVcB+MQxvP
https://paperpile.com/c/PLbacO/8snLs+kGmmE+MgGUU
https://paperpile.com/c/PLbacO/yFBzd+RKcFg
https://paperpile.com/c/PLbacO/8snLs+5vtXk+LkQdL+MfUHN+tm0z6+s15lC+qvJE9+U3jX2
https://paperpile.com/c/PLbacO/saSe1+Dw7ZA
https://paperpile.com/c/PLbacO/MQxvP+bMkeV+DcPP7
https://paperpile.com/c/PLbacO/MQxvP+bMkeV+DcPP7
https://paperpile.com/c/PLbacO/QSVcB
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/TjlSX+zX6F0
https://paperpile.com/c/PLbacO/PSLmS
https://paperpile.com/c/PLbacO/7yPsq
https://paperpile.com/c/PLbacO/5vtXk+tm0z6+yveOY
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with IMPDH is a mechanism of regulating nucleotide biosynthesis but more work will need to be 
done to identify how these interactions regulate IMPDH activity or nucleotide levels. 
 
1.6 Blindness-associated IMPDH1 mutations 
Mutations in IMPDH1 lead to autosomal dominant retinal degeneration in humans, a condition 
known as retinitis pigmentosa or Leber congenital amaurosis, but the molecular mechanism of 
disease remains unknown47±51 (Fig 1.2) The activity of the mutant enzymes is normal, but some 
mutations reduce sensitivity to GDP inhibition14, change filament assembly parameters31,39, affect 
phosphorylation52, and disrupt association with nucleic acids51,53,54, yet not all mutations have the 
same effect. These observations have led to proposed mechanisms of disease including defective 
ability to bind single stranded DNA55, protein aggregation49, or disruption of phosphoregulation52 
but there is not yet a cohesive theory for the molecular mechanism of disease (Table 1.1). 
 
Despite expression of IMPDH1 in almost all tissues19,21 and the ubiquitous need to maintain 
balanced purine pools, the retina is the only affected tissue. This may be due to the specific purine 
demands in the retina56. Photoreceptors have an unusually high demand for ATP, particularly in 
the dark57, and cyclic guanosine monophosphate (cGMP) is the key signaling molecule in the 
phototransduction cascade58±60. Furthermore, the retina is uniquely dependent on IMPDH1, 
because expression of both IMPDH2 and the major purine salvage enzyme HPRT are very low 
in the tissue21,49. The complex dependence of photoreceptor function on balanced purine 
production may lead to severe consequences61,62. 
 
1.7 IMPDH1 in the retina 
IMPDH1 is the major isoform in the retina. In mammals, retinal IMPDH1 is expressed as two major 
splice variants21,63,64. Both mammalian IMPDH1 retinal splice variants maintain the core canonical 
protein, but additional exons add residues to the C-terminus or both the C- and N-termini (Fig. 
1.3). The retinal variants are named for the number of amino acids. In humans, the shorter retinal 
variant is IMPDH1(546) which has five residues at the canonical C-terminus replaced by 37 new 
mostly unstructured residues21 IMPDH1(546) is the more common retinal variant in humans21. 
The other human retinal variant IMPDH1(595) has the same C-terminal extension, plus an 
additional 49 residues at the N-terminus most of which is predicted to be unstructured, except a 
short, predicted helix near the canonical N-terminus 21,63,64 (Fig 1.4). Mouse and human retinal 
variants have reduced sensitivity to GTP inhibition compared with the canonical variant16,65,66. The 
N- and C-terminal retinal splice variant extensions independently contribute to the reduced 
sensitivity to feedback inhibition by GTP16 which is consistent with the high guanine nucleotide 
demand in photoreceptors56. 
 
Three phosphorylation sites were recently described in retinal IMPDH152 (Fig. 1.5a). One 
phosphorylation site, T159/S160, is preferentially phosphorylated upon light exposure (Fig. 1.5b) 
but it is not clear which residue is phosphorylated. Therefore, the potential effect at each site must 
be considered. The phosphorylation site T159/S160 is in the regulatory domain where T159 points 
directly into nucleotide site 1 while S160 is near both site 1 and site 2, suggesting that 
phosphorylation at T159/S160 prevents nucleotide binding in site 1 and possibly site 2. Indeed, 
the phosphomimetic mutations T159D/E and S160D/E in canonical IMPDH1 resist GTP 

https://paperpile.com/c/PLbacO/ltK1p+BOQKQ+61b55+Ru2uZ+6jvjW
https://paperpile.com/c/PLbacO/bMkeV
https://paperpile.com/c/PLbacO/DcPP7+LkQdL
https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/6jvjW+olTj2+SwhMJ
https://paperpile.com/c/PLbacO/IbrND
https://paperpile.com/c/PLbacO/61b55
https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/Gf32T+cutnY
https://paperpile.com/c/PLbacO/3kIf0
https://paperpile.com/c/PLbacO/TKy21
https://paperpile.com/c/PLbacO/hMDYN+mzOrB+yZ6jG
https://paperpile.com/c/PLbacO/61b55+cutnY
https://paperpile.com/c/PLbacO/efNU4+Xw4d3
https://paperpile.com/c/PLbacO/cutnY+4NFwe+nxCRS
https://paperpile.com/c/PLbacO/cutnY
https://paperpile.com/c/PLbacO/cutnY
https://paperpile.com/c/PLbacO/cutnY+4NFwe+nxCRS
https://paperpile.com/c/PLbacO/6xC4Y+8JisR+jNlUY
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/3kIf0
https://paperpile.com/c/PLbacO/LYbfc
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inhibition52, suggesting phosphorylation at these sites disrupts GTP binding which may affect 
octamer conformation or filament assembly23,39. In vivo, increased phosphorylation at site 
T159/S160 is associated with increased supramolecular assembly52. Future studies to determine 
if phosphorylation at T159/S160 disrupts nucleotide binding and if it influences protein 
conformation would be informative. The second phosphorylation site S416 is on a loop near the 
active site whose movement is necessary for catalytic activity11 (Fig 1.5c), and the 
phosphomimetic mutation S416D severely decreases Vmax

52. The third phosphorylation site S477 
is preferentially phosphorylated in the dark. S477 is located at the filament assembly large 
interface (IMPDH1(546) extended filament and both IMPDH1(595) extended and compressed 
filaments)16 and we predict phosphorylation here would disrupt filament assembly (Fig. 1.5d). This 
site is particularly compelling because it is not involved in the interface of the GTP-bound 
IMPDH1(546) filament16. The consequences of these phosphorylations on filament assembly 
have yet to be characterized in vitro. Flux through the de novo purine biosynthesis pathway 
increases with light, and the observed light-dependent phosphorylation patterns52 suggest a 
mechanism for regulating IMPDH1 activity. In this context, phosphorylation of T159/S160 after a 
period of bright light exposure likely promotes retinal IMPDH1 to resist GTP inhibition and 
increase flux to guanine nucleotides while this flux is reduced in the dark by phosphorylation at 
S477 which we suspect contributes to the disassembly of IMPDH1 ultrastructures into more 
readily inhibited tetramers. 
  

https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/JJtLi+DcPP7
https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/mfedv
https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/LYbfc
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Figure 1.1: IMPDH structure and function. 
a, Purine biosynthesis pathway. b, IMPDH monomer (6u9o) has a catalytic domain (green) that 
binds IMP and NAD+ in the active site, and a regulatory domain (pink) with three allosteric 
nucleotide binding sites. c, IMPDH is a tetramer in solution and can adopt a flat or bowed 
conformation. Side view of tetramers are depicted, so that only two monomers are visible. d, ATP 
(sites 1&2) or GTP (sites 2&3) binding promotes octamer assembly. e, IMPDH2 octamers can 
assemble into filaments of stacked octamers. 
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Figure 1.2: IMPDH1 disease mutations 
IMPDH (7rfg) monomer with the catalytic domain in green and regulatory domain in pink. 
Regulatory domain is bound to two GTP molecules in dark blue and one ATP in light blue. 
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Figure 1.3: IMPDH1 human retinal variants 
Representation of IMPDH1 variant sequences. 
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Figure 1.4: IMPDH1 Sequence Alignment 
Evolutionary conservation of the helix in the N-terminus of the longer retinal splice variant (blue) 
and the first 12 canonical residues particularly tyrosine 12 (pink).  
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Figure 1.5: IMPDH1 retinal phosphorylation sites52 
A, IMPDH1 monomer (7rgd) with retinal phosphorylation sites52 shown in red spheres. B, Zoomed 
in view of phosphorylation site S416 showing its proximity to the active site with NAD+ in salmon 
and IMP in gold. C, Phosphorylation site T159/S160 is between nucleotide binding sites 1 and 2 
in the regulatory domain and might disrupt binding at either/both site(s). D, Surface representation 
of IMPDH filament and zoom in of the interface between octamers where phosphorylation site 
S477 is nestled.  

https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/LYbfc
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Table 1.1: Characterization of IMPDH1-linked RP mutations 
Summary of the conditions IMPDH1 disease mutations have been tested. Dashed line indicates 
there are no published results, bold text indicates a finding that is indistinguishable from wildtype, 
N standV�IRU�µQRUPDO¶��ZKLOH�LWDOLF�WH[W�LQGLFDWHV�D�EHKDYLRU�GLIIHUHQW�IURP�ZLOGW\SH. 
 1 16 
 2 14 
 3 - unpublished - Burrell & Kollman 
 4 39 
 5 67 
 6 52 
 7 51 
 8 55 
 9 53 
 
 
  

https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/bMkeV
https://paperpile.com/c/PLbacO/DcPP7
https://paperpile.com/c/PLbacO/3svhU
https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/6jvjW
https://paperpile.com/c/PLbacO/IbrND
https://paperpile.com/c/PLbacO/olTj2
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Chapter 2: Human IMPDH splice variants tune filament assembly 
 
2.1 IMPDH1 filaments assemble filaments in vitro 
We tested the effects of the allosteric regulators ATP and GTP on IMPDH1 filament assembly 
and found broad similarities between IMPDH1 and IMPDH2. Using negative stain electron 
microscopy (EM), we found that, like IMPDH2, IMPDH1 assembles into filaments of stacked 
octamers in the presence of ATP or GTP (Fig. 2.1a). The ATP-bound IMPDH1 filaments have a 
���ௗc� ULVH� DQG� WKH� *73-ERXQG� ,03'+�� ILODPHQWV� KDYH� D� ��ௗc� ULVH�� FRQVLVWHQW� ZLWK�
extended/active and compressed/inactive octamers seen in IMPDH2 filaments13. We previously 
engineered a separation of function point mutation in IMPDH2 at the filament assembly interface, 
Tyr12Ala, which disrupts polymerization but does not affect enzyme activity13,15. The Y12A 
mutation also inhibits polymerization of IMPDH1, suggesting both isoforms assemble with similar 
interfaces (Fig. 2.1a). 
 
Previous studies have shown that IMPDH1 forms ultrastructures in cells, but the question remains 
whether the cellular ultrastructures assemble by the same mechanism as filaments in vitro67. To 
test this, we transiently transfected human embryonic kidney 293 (HEK293) cells with IMPDH1-
myc, and induced filament assembly by treatment with the IMPDH inhibitor mycophenolic acid 
(MPA), a standard assay for cellular filament assembly25,30,31. In cells, IMPDH filaments appear to 
bundle together to assemble large ultrastructures several micrometers in length37. Staining with 
an anti-myc antibody shows strong induction of ultrastructure assembly with WT IMPDH1, but not 
with IMPDH1-Y12A, suggesting that the ultrastructures observed in cells are composed of 
filaments with an architecture similar to those we observe in vitro (Fig. 2.1b). 
 
2.2 IMPDH1 filaments remain sensitive to feedback inhibition 
We characterized the substrate kinetics of IMPDH1 and IMPDH2 and found them to be nearly 
identical (Supp. Table 2.1). However, we found a large difference in sensitivity to GTP inhibition, 
with the GTP half-maximum inhibitory concentration (IC50) fourfold lower for IMPDH1 than for 
IMPDH2 (Fig. 2.1c,d)14. Consistent with our previous results15, the non-assembly mutant 
IMPDH2-Y12A has a lower IC50 than the WT enzyme, but the same mutation has no effect on 
GTP affinity in IMPDH1 (Fig. 2.1c,d). 
 
It is notable that IMPDH1-WT and Y12A mutants in both isoforms have similar GTP sensitivity 
and are mostly inhibited at high GTP concentrations, while IMPDH2-WT retains basal activity 
even at GTP concentrations six times higher than the IC50 (Supp. Fig. 2.1). This suggests 
conservation of the intrinsic allosteric regulation, with the difference being that polymerization 
reduces the inhibitory effect of GTP in IMPDH2 but appears to have no role in tuning the response 
of IMPDH1. This was surprising given the similarity of GTP-bound IMPDH1 and IMPDH2 filaments 
in our low-resolution negative stain imaging (Fig. 2.1a), so we next turned to higher resolution 
cryogenic-EM (cryo-EM) of IMPDH1 filaments to provide insight into differences in inhibition 
behavior. 
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2.3 Cryo-EM reveals IMPDH1 forms polymorphic filaments 
We determined the structure of the IMPDH1 extended filament bound to ATP, IMP and NAD+ by 
cryo-EM, using the approach we developed to solve structures of IMPDH2 filaments, which have 
a rigid assembly interface between octamers but are more flexible within the octamer15. This 
single-particle approach allows for high resolution structures of different regions of the filament 
by combining density subtraction, focused classification and focused refinement of two different 
regions of IMPDH1 filaments: full octamers and the interface between stacked octamers (Supp. 
Fig. 2.2) that together represent the necessary information for the entire IMPDH1 filament. 
Because all substrates and cofactors are present in this reconstruction, the enzyme was actively 
turning over when prepared for cryo-EM analysis, so the active site likely contains a mixture of 
bound substrates and products; nonetheless, the active site was well-resolved in the final cryo-
EM map (Supp. Fig. 2.3). This approach yielded octamer- and interface-focused reconstructions 
DW� ���� DQG� ���ௗc� UHVROXWLRQ�� UHVSHFWLYHO\� �)LJ�� ���D-c and Table 2.1) for extended IMPDH1 
filaments. 
 
The extended filament structure is highly conserved between IMPDH1 and IMPDH2. Like 
IMPDH2, the IMPDH1 extended filament is composed of D4 symmetric stacked octamers with 
filament assembly contacts made between catalytic domains of opposing octamers. Each 
RFWDPHU� KDV� D� ULVH�RI� ���ௗc� DQG� ULJKW-handed helical rotation of 30° between octamers. The 
LQWHUIDFH�EXULHV�D�WRWDO�RI�������ௗc2 ������ௗc2 per monomer) (Fig. 2.2d) and is formed by residues 
2±12 from the N terminus of one monomer that sit in a groove between two helices in the catalytic 
domain of the opposing monomer (Fig. 2.2e,f). Tyr12, which breaks filament assembly when 
mutated to alanine, packs against Arg356 on the opposing monomer (Fig. 2.2f). This filament 
architecture results in a tetraPHU�LQ�WKH�IODW�FRQIRUPDWLRQ��)LJ�����J��VLPLODU�WR�,03'+��������ௗc�
root mean-squared deviation (r.m.s.d.) for alpha carbons over the catalytic domains of the 
tetramer) (Supp. Table 2.2). Overall, the filament interface and protomer conformations of 
IMPDH1 filaments are nearly identical to the IMPDH2 filament15. 
 
The only major difference between isoforms in the extended filament appears to be the degree of 
flexibility in the octamer subunit. Active IMPDH2 shows extreme heterogeneity with mixed partially 
extended and partially compressed conformations in the same filament, due to flexibility between 
the catalytic and regulatory domains15. The interface-centered reconstruction reached a higher 
resolution than the octamer-focused reconstruction, likely due to some limited flexibility between 
domains. However, after extensive classification in the octamer-centered reconstruction we found 
that almost all protomers in the IMPDH1 filament structure are in the fully extended conformation 
and relatively homogenous despite the enzyme actively making product. This may reflect a higher 
degree of cooperativity in the conformational state of IMPDH1 relative to IMPDH2. 
 
We next solved a cryo-EM structure of the IMPDH1 compressed filament bound to GTP, ATP and 
IMP, and found it assembles with a completely different architecture, with different interface 
contacts that lead to different helical symmetry (Fig. 2.3a-d and Table 2.1). The filament is still 
made up of D4 symmetric octamers but the N-terminal residues of one monomer now contact a 
different groove in the catalytic domain of the monomer in the opposing octamer (Fig. 2.3e). This 
change in interaction leads to a large shift in helical geometry where the rotation between stacked 
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octamers increases from 30° to 74°. The major contacts are between Tyr12 and Glu15 on the N 
terminus and Glu487 and Lys489 on the opposing monomer (Fig. 2.3e,f). The involvement of 
Tyr12 in this interface explains why the Tyr12Ala point mutation also prevents assembly of this 
ILODPHQW��)LJ�����D���7KH�VXUIDFH�DUHD�EXULHG�E\�WKH�LQWHUIDFH�LV�����VPDOOHU�������ௗc2 buried at 
the octamer±RFWDPHU� LQWHUIDFH� ����ௗc2 per monomer) for the compressed IMPDH1 filament 
FRPSDUHG�WR�������ௗc��IRU�WKe extended IMPDH1 filament interface (Figs. 2.2d and 2.3d). We 
UHIHU�WR�WKLV�QHZ�LQWHUIDFH�DV�WKH�µVPDOO�LQWHUIDFH¶�DQG�WKH�SUHYLRXVO\�FKDUDFWHUL]HG�LQWHUIDFH�LQ�DOO�
,03'+��ILODPHQWV�DQG�H[WHQGHG�,03'+��DV�WKH�µODUJH�LQWHUIDFH¶� 
 
The GTP-bound IMPDH1 filament accommodates a bowed tetramer that is mostly inhibited (Fig. 
2.3g). In contrast, GTP binding causes compression of IMPDH2, but filament contacts constrain 
the catalytic tetramers in a flat conformation, yielding a partially active flat, compressed state 
(Supp. Fig. 2.1a and 2.4a). A free IMPDH2 octamer is not restrained and able to adopt a bent, 
compressed state that is completely inhibited (Supp. Fig. 2.1 and 2.4a). GTP-bound IMPDH1 in 
filaments is nearly identical to the IMPDH2 free octamer bowed tetramer (Supp. Fig. 2.4a,b) that 
is also mostly inhibited (Supp. Fig. 2.1a). The conformational change can best be visualized by 
looking at protomers arranged diagonally to each other in the catalytic tetramer (chains A and C). 
Relative to the IMPDH1 extended octamer flat conformation, there is a rotation of 6.5° between 
WKHVH� WZR�SURWRPHUV� LQ� WKH�FRPSUHVVHG�ERZHG�FRQIRUPDWLRQ�� UHVXOWLQJ� LQ�DQ�U�P�V�G��RI����ௗc�
(Supp. Table 2.2). This finding that the IMPDH1 compressed filament accommodates a bowed 
tetramer provides an explanation for why IMPDH1 filaments do not appear to directly affect 
regulation by GTP. For IMPDH1, GTP binding causes compression, but shifting filament assembly 
contacts also accommodates the bowed tetramer conformation, yielding a bowed, compressed 
state that is mostly inhibited. 
 
2.4 Human retinal splice variants assemble filaments 
We tested the effects of the allosteric regulators ATP and GTP on filament assembly of both 
IMPDH1 retinal variants (Fig. 2.4a,b) and found the response to be similar to canonical IMPDH1. 
In addition, we engineered a variant IMPDH1(563) that only has the N-terminal extension, to 
specifically test its effect on filament assembly. Both retinal variants assemble filaments of 
stacked octamers in the presence of ATP or GTP, and IMPDH1(563) has a propensity to 
spontaneously assemble in the absence of ligands (Fig. 2.4b). ATP-bound IMPDH1 retinal variant 
ILODPHQWV�KDYH�D�URXJKO\����ௗc�ULVH�DQG�*73-ERXQG�D�URXJKO\���ௗc�ULVH��ZKLFK�LV�FRQVLVWHQW�ZLWK�
the IMPDH1 canonical filaments, and it behaves like the retinal variants in negative stain EM. The 
mutation Tyr12Ala disrupts filament assembly in all the variants (Supp. Fig. 2.5). 
 
2.5 Retinal splice variants are less sensitive to feedback inhibition 
The K0.5 values for IMP and NAD+ for the IMPDH1 retinal splice variants are very similar to each 
other and to the canonical variant68 (Supp. Table 2.3). However, the retinal variants have higher 
IC50s for inhibition by GTP (Fig. 2.4c-e). IMPDH1(563) is three times less sensitive to GTP 
inhibition, IMPDH1(546) is almost five times less sensitive and IMPDH1(595) six times less 
sensitive when compared to the canonical variant. These findings are consistent with previous 
results from the mouse IMPDH1 retinal splice variants65. 
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The sensitivity of IMPDH1 retinal variants and IMPDH2 to GTP is similar (Supp. Table 2.3); given 
the role of filament assembly in tuning GTP sensitivity in IMPDH2, we tested the effect of the 
Y12A non-assembly mutant on inhibition of IMPDH1 variants. All variants had increased 
sensitivity to GTP inhibition when the Y12A mutation was introduced (Fig. 2.4c-e). However, for 
IMPDH1(563), which only has the N-terminal extension, the GTP IC50 dropped to canonical levels, 
indicating that the effect of the N-terminal extension on IC50 is dependent on the ability to 
assemble filaments. Thus, the retina-specific N- and C-terminal additions appear to have distinct 
mechanisms that function independently to increase the GTP IC50. 
 
2.6 Retinal splice variants alter filament architecture 
To gain insight into the mechanisms by which the splice variants alter GTP sensitivity, we 
determined structures of IMPDH1(595) and IMPDH1(546) in multiple ligand states by cryo-EM 
(Fig. 2.5a-c and Supp. Fig. 2.6c-f). The IMPDH1(546) extended structure is bound to the same 
ligand combination as the IMPDH1(514) extended structure (IMP, NAD+ and ATP) while 
IMPDH1(595) was solved in the presence of ATP alone to determine whether substrates affect 
conformational homogeneity in the filament. In the extended state, both variants closely resemble 
extended canonical filaments, with the enzyme in the fully extended, flat tetramer conformation 
and the large assembly interface between octamers (Fig. 2.5c, Supp. Fig. 2.6c). In both extended 
structures, most of the retinal C-terminal extension could not be resolved. Extended canonical 
IMPDH1 can be resolved to residue 514, while extended IMPDH1(595) could only be modeled to 
residue 504 and IMPDH1(546) to residue 515. In both IMPDH1(595) structures, there was clear 
GHQVLW\�IRU�D�VKRUW�DOSKD�KHOL[�QHDU�WKH�ILODPHQW�LQWHUIDFH��FRPSRVHG�RI�UHVLGXHV�í���WR�í���Fig. 
2.5d). This helix packs between the catalytic core of the enzyme and the canonical N-terminal 15 
residues that form the large interface (Fig. 2.5e,f). In this position it also makes contacts with the 
neighboring protomer in the same tetramer with the major contact between residues Tyr-5 and 
His288 of the neighbor (Fig. 2.5g,h). The N-terminal end of the variant helix also contacts its 
symmetry mate on the monomer across the interface with Gln-21 or Gln-15 (Fig. 2.5f). The helix 
appears to be positioned to stabilize the residues involved in the large interface filament 
interactions, and to stabilize the flat conformation of the catalytic tetramer. 
 
:H�QH[W�VROYHG�VWUXFWXUHV�RI�,03'+�������LQ�D�FRPSUHVVHG�ILODPHQW�DW����ௗc�UHVROXWLRQ�E\�FU\R-
EM. Unlike the canonical enzyme, IMPDH1(595) is maintained in the large interface and flat 
tetramer conformation in the compressed, GTP-bound state. The overall interface and position of 
the helix from the N-terminal extension are very similar to the extended filament described above 
����ௗc�U�P�V�G��DPRQJ�&ߙs of all eight catalytic domains at the interface when aligned on a single 
chain). Thus, the role of the N-terminal extension appears to be stabilizing the large interface, and 
through that stabilizing the flat enzyme conformation that is less sensitive to GTP inhibition. We 
would predict that the additional interactions at the interface would increase affinity for assembly 
and decrease the critical concentration for filament assembly. This explains why the effect of the 
N-terminal extension is dependent on filament assembly (Fig. 2.4e). 
 
We then wondered how the C-terminal extension contributes to decreased GTP sensitivity. So, 
ZH�VROYHG�D����ௗc�FU\R-EM structure of the compressed IMPDH1(546) filament, which only has 
the C-terminal extension (Supp. Fig. 2.6a-f). In the compressed octamer conformation, bound to 
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GTP/ATP/IMP/NAD+, IMPDH1(546) assembles with the small interface and in a bowed 
conformation, very similar to canonical IMPDH1 (Supp. Fig. 2.6g). For both retinal compressed 
filament structures, we included all ligands (GTP/ATP/IMP/NAD+) when we had previously left out 
NAD+ for IMPDH1(514) with the prediction it might lead to a more rigid overall structure but it 
resulted in very little effect. In all other structures of compressed IMPDH, the conformation of the 
tetramer in the flat conformation, partially inhibited or bowed conformation or mostly inhibited has 
explained whether it is more or less sensitive to GTP inhibition. Even though IMPDH1(546) is less 
sensitive to GTP inhibition than the canonical variant (Fig. 2.4c), its tetramer is still in the bent 
conformation, which we had associated with mostly complete inhibition (Supp. Fig. 2.6g). 
Therefore, we suspect the C-terminal extension prevents full octamer compression to resist GTP 
inhibition. In canonical IMPDH1 bound to GTP, Arg512 and Glu510 near the C-terminus make 
ionic interactions with residues in protomers on the opposite face of the octamer, stabilizing the 
compressed conformation. In IMPDH1(546) these residues change to Thr510 and Leu512 (Supp. 
Fig. 2.7). Disrupting these interactions likely disfavors octamer compression, potentially 
explaining why IMPDH1(546) resists GTP inhibition. A second possibility is that the remaining 31 
residues that are not resolved in any of our IMPDH1(546) are highly flexible, and their presence 
near the core of the enzyme may sterically hinder compression. 
 
2.7 Discussion 
IMPDH ultrastructure assembly has been observed in many cell types and in vitro assembly of 
IMPDH2 has been thoroughly characterized15,25,30,31. Here, we showed that canonical IMPDH1 
assembles filaments in both extended and compressed conformations (Figs. 2.1-3 and 6c). Other 
well-characterized filament-forming metabolic enzymes such as IMPDH2 and CTPS2 also switch 
enzyme conformations in the polymer, and constraints imposed by fixed assembly contacts give 
rise to filament-dependent changes in allosteric regulation15,69 (Fig. 2.6b). IMPDH1, on the other 
hand, changes both enzyme conformation and the nature of assembly contacts in transitioning 
between activity states. Thus, filament assembly of canonical IMPDH1 does not impose 
conformational constraints, explaining why we did not observe any differences in allosteric 
regulation in the filament compared to free enzyme (Fig. 2.1d). 
 
This raises the question about the physiological function of canonical IMPDH1 filaments. Although 
we show that IMPDH1 assembles filaments in cells in response to inhibitors (Fig. 2.1b), how 
cellular filaments might influence metabolic flux is unclear. One possibility is that IMPDH1 
filaments play some role other than direct tuning of enzyme activity, such as signaling or 
scaffolding of other enzymes46,70. Another possibility is that cellular factors shift the balance 
between the extended and compressed filament conformations, for example through 
posttranslational modifications or protein±protein interactions. There is precedent for the latter in 
the enzyme acetyl-CoA carboxylase, which assembles active filaments of one architecture, but 
binding to the regulator breast cancer type 1 susceptibility protein (BRCA1) stabilizes a different 
architecture with inactive enzyme71. Similarly, interactions with regulatory proteins may 
preferentially stabilize one IMPDH1 filament state. Indeed, in immunofluorescence experiments 
using antibodies that recognize both isoforms, IMPDH filaments colocalize with other enzymes in 
purine biosynthesis70, with the regulatory protein Ankyrin Repeat Domain 9 (ANKRD9)43 and with 
CTPS46. Future studies to identify interactors and probe the functional consequences of those 
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interactions will provide valuable insight into the role of canonical IMPDH1 filament assembly in 
a physiological context. 
 
This work also sheds light on the role of IMPDH1 filaments in regulating enzyme activity in the 
retina. The retina has extremely high purine nucleotide demands: maintenance of ion gradients 
across photoreceptor membranes consumes up to 108 molecules of ATP per second per cell and 
cGMP is essential for phototransduction58±60. IMPDH1 is the only isoform expressed in 
photoreceptors21, where it plays a critical role in balancing purine nucleotide pools. Two splice 
variants that add residues to the N and C termini of IMPDH1 are predominant in the retina21, and 
we found that both splice variants are less sensitive to GTP inhibition65 (Fig. 2.4c,d). 
 
The N- and C-terminal retinal splice variant extensions independently increase the IC50 for GTP, 
consistent with the need for IMPDH1 to meet high guanine nucleotide demand in the retina56. Two 
structural rearrangements occur in IMPDH inhibition: the tetramer is in a bowed conformation and 
the octamer is fully compressed. We find that each retinal variant extension prevents one of these. 
The N-terminal extension effect is completely dependent on the ability of the protein to form 
filaments (Fig. 2.4e), as it tunes filament assembly so the inhibited protein assembles into the 
large interface filament that can only accommodate the flat/partially active tetramer. This prevents 
transitioning to the small filament interface, so that at high GTP concentrations the filament 
remains in a compressed and flat conformation that is partially active (Fig. 2.6d). The C-terminal 
extension, on the other hand, appears to destabilize the compressed conformation, either through 
changes at the compressed interface or through steric interference by the disordered region 
(Supp. Fig 2.7). The overall effect of the splice variants is to increase IMPDH1 activity under high 
GTP concentrations. Meeting this demand with IMPDH1 splice variants instead of IMPDH2 may 
provide unique regulatory advantages, through protein±protein interactions with, or 
posttranslational modifications of the flexible N- and C-terminal extensions. 
 
Future studies of IMPDH1 retinal variants will be necessary to understand the layers of IMPDH1 
regulation in the retina. One complication is the simultaneous presence of multiple splice 
variants21,63. The tetramerization and filament assembly contacts are identical among the variants 
so it is likely they coassemble into heterogeneous tetramers, octamers or filaments. A second 
complication is the interplay between three known phosphorylation sites52, assembly state and 
metabolic output. Phosphorylation site Ser477 is situated at the assembly interface of the large 
interface filament observed in the compressed retinal variant IMPDH1(595), bolstering previous 
speculation52 that phosphorylation at Ser477 may disrupt filament assembly, increasing GTP-
feedback inhibition (Fig. 2.4d). Phosphomimetics at two phosphorylation sites, Thr159 and 
Ser150, decreased sensitivity to GTP inhibition in canonical IMPDH152, but functional effects have 
yet to be characterized in the splice variants. Our structural and in vitro characterization of the 
IMPDH1 retinal variants has laid the groundwork for these future studies. 
 
 
Studies of IMPDH1 retinopathy mutants in the physiological context of the retina will be necessary 
to determine the molecular mechanisms of disease. Mutations are heterozygous and autosomal 
dominant47±51, so assembly of WT and mutant enzymes into heterogeneous structures made of 
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different splice variants expressed at different levels is likely to further complicate effects on 
metabolic output. For example, coassembly of class I mutants and WT enzymes would likely 
prevent GTP-induced inhibitory conformational changes for all the copies in mixed oligomers.  
 
Many metabolic regulatory enzymes self-assemble into filamentous polymers4,72. In most cases 
filament assembly serves as an additional layer of allosteric regulation, taking advantage of 
existing allostery but imposing constraints on accessibility of different conformations4,72. For 
example, assembly of human CTPS1 into filaments stabilizes a conformation with higher specific 
activity to increase flux73, while CTPS2 assembles filaments that couple structural transitions to 
increase cooperativity of enzyme regulation69. Yeast glucokinase 1 was recently shown to 
assemble filaments that inactivate the enzyme, providing a mechanism to reduce overinvestment 
in early steps of glycolysis on sudden transition to nutrient rich environments74. Acetyl-CoA 
carboxylase filaments regulate activity by locking the enzyme into an active or inactive 
assembly75. Here, we have shown that another well-established means of metabolic regulation²
tissue-specific splice variants²can add an additional layer of allosteric regulation on top of 
filament assembly to finely tune complex enzyme regulation (Fig. 2.6). 
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Figure 2.1: IMPDH1 assembles filaments and is sensitive to GTP inhibition. 
a, Negative stain EM of purified human IMPDH1. Addition of ATP or GTP promotes filament 
assembly of WT. Non-assembly mutation Y12A breaks both ATP- and GTP-dependent assembly. 
,QVHWV�DUH�QHJDWLYH�VWDLQ��'�FODVV�DYHUDJHV��6FDOH�EDU�����ௗQP��b, Anti-myc immunofluorescence 
of HEK293 cells transfected with IMPDH1-myc constructs (green). DAPI staining in blue. Cells 
ZHUH�HLWKHU�OHIW�XQWUHDWHG�RU�WUHDWHG�ZLWK���ௗ�0�03$�WR�LQGXFH�,03'+��ILODPHQW�DVVHPEO\��6FDOH�
EDU����ௗ�P��c,d, GTP inhibition curves of IMPDH2 (c) or IMPDH1-WT (d) (solid line) and the 
respective non-assembly Y12A protein (dashed line). Individual data points are shown as 
diamonds (IMPDH2) or circles (IMPDH1), where filled are WT and empty Y12A. Reactions were 
performed in triplicate and data are presented as mean values for each concentration is shown 
as D� EROG� UHFWDQJOH� �ILOOHG� LV� :7�� HPSW\� LV� <��$�ௗ�ௗVWDQGDUG� GHYLDWLRQ� IRU� nௗ ௗ�� HUURU� EDUV��
5HDFWLRQV�SHUIRUPHG�ZLWK��ௗ�0�SURWHLQ���ௗP0�$73���ௗP0�,03�����ௗ�0�1$'+ and varying GTP. 
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Figure 2.2: Structure of extended IMPDH1 filaments (ATP/IMP/NAD+ bound) 
a, Low-pass filtered cryo-EM reconstruction colored by octamer. b, Octamer-centered single-
SDUWLFOH�UHFRQVWUXFWLRQ�RI�WKH�ILODPHQW�DW����ௗc��ZLWK�FDWDO\WLF�GRPDLQV�LQ�GLIIHUHQW�VKDGHV�RI�JUHHQ�
and regulatory domains in shades of pink. c, Interface-centered single-particle reconstruction of 
WKH� ILODPHQW� DW� ���ௗc�� d, View of the top of an octamer from inside the filament. Surface 
representation of the atomic model at the assembly interface, with buried residues in cyan. e, 
Surface representation of the filament interface with one monomer in ribbon (light green). Tyr12 
is shown in orange spheres. The monomer it contacts across the octamer interface is green with 
residues forming the interface in cyan. f, Close-up ribbon view of the interface where Tyr12 in 
orange contacts Arg356 in the opposing monomer. g, Comparison of the catalytic tetramers of 
active IMPDH2 ATP/IMP/NAD+ (PDB 6u8s) (gray) to active IMPDH1 ATP/IMP/NAD+ (green). 
Aligned on monomers with an asterisk. 
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Figure 2.3: Inhibited IMPDH1 assembles with an alternative filament architecture 
(GTP/ATP/IMP bound). 
a, Low-pass filtered cryo-EM reconstruction colored by octamer. b, Octamer-centered single-
SDUWLFOH�UHFRQVWUXFWLRQ�DW����ௗc�RI�WKH�ILODPHQW��ZLWK�FDWDO\WLF�GRPDLQV�LQ�GLIIHUHQW�VKDGHV�RI�JUHHQ�
and regulatory domains in shades of pink. c, Interface-centered single-particle reconstruction of 
WKH� ILODPHQW� DW� ���ௗc�� d, View of the top of an octamer from inside the filament. Surface 
representation of the atomic model at the assembly interface, with buried residues in cyan. e, 
Surface representation of filament interface with one monomer in ribbon (light green). Tyr12 is 
shown in orange spheres. The monomer it contacts across the octamer interface is green with 
residues forming the interface in aqua. f, Close-up ribbon view of the interface where Tyr12 in 
orange contacts Glu487 and Lys489 in the opposing monomer. g, Comparison of the catalytic 
tetramers of active IMPDH1 (light green) to mostly inhibited IMPDH1 (dark green), show that the 
GTP-bound structure is in the bowed conformation. Aligned on monomers with an asterisk. 
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Figure 2.4: IMPDH1 retinal variants assemble filaments that resist GTP inhibition. 
a, Representation of IMPDH1 variant sequences. b, Negative stain EM of purified IMPDH1 
variants in apo and nucleotide-ERXQG�VWDWHV��6FDOH�EDU�����ௗQP� c±e, GTP inhibition curves of 
IMPDH1 variants (black solid line) and the respective non-assembly Y12A protein (black dashed 
line) compared to IMPDH1 canonical (solid gray line). c, Retinal variant IMPDH1(546). d, Retinal 
variant IMPDH1(595). e, Engineered variant IMPDH1(563). Individual data points are shown as 
circles, where filled are WT and empty Y12A. Reactions were performed in triplicate and the 
average for each concentration is shown as a bold rectangle (filled WT, empty Y12A). Error bars 
show the standard deviation for nௗ ௗ���5HDFWLRQV�SHUIRUPHG�ZLWK��ௗ�0�SURWHLQ���ௗP0�$73���ௗP0�
,03�����ௗ�0�1$'+ and varying GTP. 
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Figure 2.5: IMPDH1 retinal variant (595) constrains filament architecture. 
a, Low-pass filtered cryo-EM reconstruction of the IMPDH1(595) extended filament (bound to 
ATP) and compressed filament (bound to GTP, ATP, IMP, NAD+). b±k, Compressed 
IMPDH1(595) filament (bound to GTP, ATP, IMP, NAD+). b, Interface-focused cryo-EM filament 
reconstruction. Eight monomers are colored with catalytic domain (green), regulatory domain 
(pink) and variant helix (yellow). c, View of the top of an octamer from inside the filament. Surface 
representation of the atomic model at the assembly interface, with buried residues in cyan. d, 
Additional N-WHUPLQDO�KHOL[�UHVLGXHV�í���WR�í��LQ�\HOORZ�LQ�GHQVLW\��e, Surface representation of 
interface with one monomer in ribbon (light green). Additional N-terminal helix in yellow. The 
monomer it contacts across the octamer interface is colored dark green/pink with residues the 
ribbon monomer contacts in aqua. Tyr12 is shown in orange spheres. f, Close-up view of the 
interface contacts. g, Surface representation of interface with one monomer in ribbon (light green). 
Additional N-terminal helix in yellow. The neighbor monomer in the tetramer is colored green with 
residues the ribbon monomer contacts in aqua. Y12 is shown in orange spheres. h, Close-up 
view of the new N-terminal helix contacts with the adjacent monomer in the tetramer. i, 
Comparison of the catalytic tetramers of inhibited IMPDH1(514) GTP/IMP/NAD+ (dark green) to 
inhibited IMPDH1(595) GTP/ATP/IMP/NAD+ (light green). Aligned on monomers with an asterisk. 
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Figure 2.6: Model of IMPDH1 assembly and filament role in regulation. 
a, ATP binding to sites 1 and 2 promotes formation of an extended octamer where the tetramer 
is in the flat conformation. GTP binding to sites 2 and 3 promotes formation of a compressed 
octamer that prefers the bowed tetramer conformation. b, In the presence of ATP, IMPDH2 
assembles extended filaments. Binding of GTP leads to the assembly of partially inhibited 
filaments where the tetramer is in a flat conformation. In the presence of very high GTP, the 
tetramer is completely inhibited and enters a bowed conformation that promotes disassembly of 
filament into free octamers. c, For canonical IMPDH1, binding of ATP drives assembly of a 
filament composed of extended octamers. In the presence of GTP, canonical IMPDH1 assembles 
into a filament with the small interface made of fully compressed octamers that are mostly inhibited 
and have the bowed tetramer conformation. d, For IMPDH1 retinal variant 595, the binding of 
ATP drives assembly of a filament composed of extended octamers. Binding of GTP drives 
assembly of a filament composed of compressed octamers that are partially inhibited and have 
the strained tetramer confirmation. In both filaments, the N-terminal extension adds buried surface 
area to the large interface and the C-terminal extension is disordered. 
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Table 2.1: Cryo-EM data collection, refinement, and validation statistics 
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Chapter 3: IMPDH forms dynamic filaments in zebrafish retina 
 
3.1 Introduction 
Zebrafish are widely used to study human mutations causing retinal degeneration76±83. In this 
study, we provide fundamental information on Impdh1 in the zebrafish retina. We determine the 
primary splice variant present in the retina and show its exclusive expression and ability to form 
filaments in rods and cones. We demonstrate biochemical and structural similarity between the 
zebrafish and human retinal variant of IMPDH1, uncover dynamic changes in photoreceptor 
filaments throughout the day, and use metabolomics to elucidate an important role for Impdh1 in 
purine nucleotide homeostasis in photoreceptors. Our study provides the foundation for using 
zebrafish to determine Impdh1 function in normal and diseased retina. 
 
3.2 IMPDH expression in zebrafish retina  
Using primers that recognize all reported major splice variants for Impdh1a, 1b, and 2 (Table 3.1), 
we found that peak expression of Impdh1a and Impdh1b transcript levels in the zebrafish retina 
occur at different times during the day; Impdh1a shows highest expression at light onset (9 AM) 
and impdh1b peaks at dark onset (11 PM). To test whether expression patterns might be 
circadian, we also analyzed expression in fish retina in darkness after a 24 h dark incubation. In 
general, the changes in expression were maintained in constant darkness, however, there was a 
light-dependent increase in the expression for Impdh1a, which we did not detect for Impdh1b. 
Impdh2 expression remained constant over a 24-h period (Fig. 3.1A)). Using the maximal mRNA 
levels for each gene (1a, 1b, and 2), we found that Impdh1a is the most abundant IMPDH 
transcript in the zebrafish retina, with more than 9-fold the level of Impdh1b and more than 32-
fold the level of Impdh2 (Fig. 3.1B). 
 
We then used primer combinations of four Impdh1a splice variants listed in NCBI to determine 
which transcript is primarily expressed (Table 3.1). We found that the predominant transcript 
variant (tv) is X1, and we identified a new transcript which we designate as X4 (Fig. 3.1C,D). 
Using unique N-terminal and C-terminal primers to distinguish the predicted variants, we found 
that X1 is expressed ~150 times more than the X2 to 4. To further confirm our findings, we 
developed two antibodies that detect the C-terminus of X1, X3, and Impdh1a (544) and the N-
terminus of X1 and X2. These antibodies are specific and verified that only the X1 (624 aa) variant 
is expressed at significant levels in the zebrafish retina (Fig. 3.1E). No protein was detected in 
the fish strain Impdh1asa23234, which contains a splice site mutation in Impdh1a that introduces 
a premature stop codon84. The diurnal change in mRNA expression was partially recapitulated in 
protein levels on Western blots (Fig. 3.1F). 

 
3.3 Zebrafish retinal variant is similar to human retinal variant 
Structural features and filament assembly properties are broadly conserved between zebrafish 
Impdh1a (544) and human IMPDH116 (Fig. 3.2A). Negative stain EM reveals that, like human 
IMPDH1, addition of ATP or GTP stimulates filament assembly of Impdh1a(544) and 
Impdh1a_tvX1. Both ATP and GTP drive assembly of filaments made of stacked octamers25,27,30. 
Previous studies have shown that IMPDH octamers are in an extended conformation in the active 
state, and that GTP binding induces a compressed and inactive conformation15,16. Similarly, both 

https://paperpile.com/c/PLbacO/QEA3Z+hEdQ2+4xapk+bLUDy+8lWwj+yN2Qm+r6pbn+yOOdk
https://paperpile.com/c/PLbacO/jcjGf
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/MgGUU+5vtXk+8snLs
https://paperpile.com/c/PLbacO/QSVcB+6xC4Y
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zebrafish Impdh1a(544) and Impdh1a_tvX1 filaments are in the active/extended state with a rise 
111 Å and 107 Å, respectively, when bound to ATP or the inhibited/compressed state with a rise 
of 86 Å and 100 Å, respectively, when bound to GTP. At this resolution, the zebrafish protein was 
very similar to the human retinal variants. The designed non-assembly point mutation Y12A 
breaks assembly of both Impdh1a variants13,16,85. 
 
Human IMPDH1 retinal variants include N- and C-terminal extensions that play significant roles 
in modulating GTP-feedback sensitivity and structure16. Zebrafish Impdh1a(544) includes the C-
terminal extension but not the N-terminal extension, whereas Impdh1a_tvX1 has both (Fig. 
3.2B,C). Critical amino acids in both termini of the human retinal variants are conserved in the 
zebrafish proteins (Fig. 3.2B,C). Human IMPDH1 forms polymorphic filaments, whereas the N-
terminal helix in the retinal spice variant IMPDH1(595) controls filament assembly and only 
permits one filament architecture that resists GTP inhibition16. This N-terminal helix is conserved 
in the zebrafish Impdh1a_tvX1, and we hypothesize the helix plays the same role in controlling 
assembly of the zebrafish protein. In humans, the C-terminal extension decreases sensitivity to 
GTP, but the mechanism of action is still unknown. The C-terminal end is conserved between 
human and zebrafish, which suggests a conserved function. 
 
We found that zebrafish Impdh1a_tvX1 resists GTP inhibition in a similar fashion to the human 
retinal variants16 (Fig 3.2D). Zebrafish Impdh1a has an IC50 IRU� *73� RI� ���� ȝ0�� ZKHUHDV�
Impdh1a_tvX1 is more than tenfold less sensitive to GTP, with an IC50 RI������ȝ0��:KHQ�WKH�QRQ-
assembly mutation Y12A is introduced to Impdh1a_tvX1, the IC50 for GTP drops to near Impdh1a 
levels �����ȝ0���7KLV�SDWWHUQ�LV�VLPLODU�WR�WKH�KXPDQ�,03'+��UHWLQDO�YDULDQW��LQ�ZKLFK�WKH�HIIHFW�
of the N-terminal extension on decreasing GTP sensitivity is dependent on filament assembly16. 
 
3.4 Zebrafish retinal variants forms filaments in photoreceptors  
Using our antibody to the C-terminus of Impdh1a_tvX1, we next analyzed the cellular distribution 
of protein in the retina. We used immunohistochemistry (IHC) and high-resolution confocal 
imaging to localize Impdh1a_tvX1 in WT zebrafish retinas. As in Western blots, our antibody was 
highly specific and labeled WT retinas (Fig. 3.3A) but not retinas from a fish strain with a splice 
site mutation, impdh1asa23234 and consequently no IMPDH1a protein (Fig. 3.3B; also see Fig 
3.1E84). 
 
In WT retinas, Impdh1a_tvX1 is expressed only in rods and cones (Fig. 3.3C,D). In both rods and 
cones, filaments are easily detected in the cell body and synapse and in outer segments of cones 
although at much lower levels (arrow pointing to outer segment filament, Fig. 3.3C'). The retina 
VKRZQ�LQ�)LJXUH����'�'¶�LV�EOHDFKHG��VR�ILODPHQWV�LQ�URG�FHOO�ERGLHV��FR-stained with rod marker 
4C12 (magenta), and outlined with dotted white box) are visible and not hidden by melanin within 
the retinal pigment epithelium. 
 
To quantify the relative expression levels of Impdh1a_tvX1 in rods and cones, we used zebrafish 
mutants that lack cones86 or rods due to degeneration87. Analysis by qPCR at a single time point 
GHWHUPLQHG� WKDW� a���� RI� WKH� UHWLQD¶V� Impdh1a WUDQVFULSW� DQG� a���� RI� WKH� UHWLQD¶V� Impdh1b 
transcript is expressed in cones (Fig. 3.3E). As expected, the remaining ~50% Impdh1a 

https://paperpile.com/c/PLbacO/6xC4Y+MQxvP+VuS1v
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/jcjGf
https://paperpile.com/c/PLbacO/OBSB9
https://paperpile.com/c/PLbacO/7vz2X
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expression is in rods (Fig. 3.3F). An insignificant amount of Impdh2 is expressed in either rods or 
cones. Although the relative abundance in each cell type may change throughout the day, we 
conclude that Impdh1a_tvX1 is robustly expressed in both rod and cone photoreceptors, 
consistent with our ability to easily detect filaments in both cell types. 
 
3.5 Photoreceptor filaments are dynamic 
The retinal variant of human IMPDH1 and zebrafish Impdh1 (Impdh1a_tvX1) stabilizes a filament 
conformation that resists allosteric inhibition by GTP (Fig 3.2 and16). This suggests that filaments 
may dynamically localize to regions of high GTP demand. To analyze this, we quantified filament 
length throughout the inner segment (IS) portion of the cell at four different times of the day, 11 
AM, 5 PM, 11 PM, and 5 AM, in both rods and cones. For the synapse, we quantified the overall 
change in fluorescence intensity at these timepoints because the high concentration of 
Impdh1a_tvX1 in this region of the cell made it difficult to resolve filaments even with image 
deconvolution. We distinguished rods from cones using the 4C12 antibody (rods) and a transgenic 
strain expressing GFP specifically in cone photoreceptors (Fig. 3.4A and Table 3.2). 
 
We detected Impdh1a_tvX1 in the IS of both rods and cones at all timepoints (Fig. 3.4B). In cones, 
Impdh1a_tvX1 aggregates were more elongated (filamentous) during the day and more rounded 
(circular) at night (Fig. 3.4C, left). In contrast, rod ISs had smaller changes in filament shape 
throughout the day (Fig. 3.4C, right), with the most elongated filaments at 5 PM. However, even 
at 5 PM, the filaments in rods tended to have higher circularity than in cones, indicating an overall 
increase in filament length in cone ISs compared with rod ISs (Fig. 3.4D). At the synapse, the 
overall fluorescence intensity of Impdh1a_tvX1 decreased at night compared with daytime in both 
rods and cones (Fig. 3.4E,F). These results are summarized in a schematic in Figure 3.4G.  
 
3.6 Loss of retinal variant alters nucleotide homeostasis 
Given the abundance and selectivity of Impdh1a_tvX1 in zebrafish photoreceptors, we 
hypothesized an important role for this enzyme. To determine this, we analyzed the essential 
splice site mutant Impdh1asa23234 84, which lacks the Impdh1a protein both in Western blots and 
in IHC (see Figs. 3.1E and 3.3B). Thus, the sa23234 allele generates a gene knock-out (impdh1a 
KO). We sequenced the Impdh1asa23234 transcript and found, as predicted, that an intron was 
retained leading to a premature stop codon (Fig. 3.5A,B). Further, consistent with previous studies 
demonstrating negative feedback regulation of IMPDH transcription88, we found a significant 
upregulation of Impdh1asa23234 transcript in homozygotes (Fig. 3.5C). In contrast, impdh1b and 
impdh2 expression were not substantially altered by the loss of Impdh1a protein (Fig. 3.5D,E). 
 
The retinal layers were intact and photoreceptor size and organization appeared normal in the 
KO compared with WT at 18 months (Fig. 3.5F,M - left and middle panels). As a control, we 
verified that Impdh1a protein remained absent in the KO at this age (Fig. 3.5G). Cone 
photoreceptor number and outer nuclear layer (rod layer) thickness were not significantly different 
between WT and KO (Fig. 3.5I,J). This is consistent with near normal expression of a single rod 
and cone-specific transcript in KO compared with WT retina (Fig. 3.5K). 
 

https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/jcjGf
https://paperpile.com/c/PLbacO/bjxpP
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Because mitochondrial DNA replication continues in differentiated cells independent of nuclear 
DNA replication, we carefully analyzed photoreceptor mitochondrial morphology in IHC and 
transmission electron microscopy (TEM) in the KO compared with WT. Overall photoreceptor 
mitochondrial distribution, morphology, and cristae looked normal (Fig. 3.5H,M right). We also did 
not detect changes in mitochondrial DNA copy number using qPCR in either fed or fasted animals 
(Fig. 3.5L). 
 
To determine whether there was an imbalance in purine nucleotide synthesis pathways (Fig. 
3.6A), we compared total metabolite levels in retinas from impdh1a KO with WT (Fig. 3.6B,C). 
We found a striking imbalance in purine nucleotides consistent with the predominant expression 
of this rate limiting enzyme. Guanine levels were reduced by more than 2-fold, but remarkably the 
steady state cGMP levels under ambient illumination were not affected. Increases in ribulose 5-
phosphate also suggest that nucleotide synthesis pathways are disrupted because of the loss of 
impdh1a. 
 
3.7 Discussion 
The main findings from our study are the following: (1) Impdh1a_tvX1 is the most abundant impdh 
transcript in zebrafish retina, (2) key structural and biochemical features are conserved between 
the zebrafish and human predominant retinal isoforms, (3) in retina, Impdh1a_tvX1 is only present 
in rods and cones where it forms abundant and dynamic filaments, and (4) loss of Impdh1a 
function significantly alters nucleotide balance in retina but does not cause degeneration. 
Zebrafish are firmly established as a powerful genetic model with highly conserved photoreceptor 
physiology89,90. Our new and significant findings presented here provide the foundation to 
genetically dissect the cause of IMPDH1-induced retinopathy using zebrafish. 
 
Based on previous work85,91,92, we predicted that zebrafish photoreceptors primarily express 
Impdh1a, however, none of these studies determined which transcript variant predominates. We 
sought to identify the specific transcript expressed because tissue and cell-type specific functions 
often depend on the expressed isoform93,94. Gene duplications, which are common in zebrafish, 
provide gene specialization (subfunctionalization)95. Our findings presented in Figures 3.1 and 3.3 
show that for the study of Impdh1 in the retina, the zebrafish offers excellent cell class specificity 
of gene expression; we detect a predominant single transcript variant (X1) of impdh1a that is 
expressed specifically in rods and cones. In contrast, the impdh1b gene is more broadly 
expressed throughout the zebrafish85 and at lower levels in the retina. We also confirm that in the 
retina, the Impdh1 paralogs show alternating circadian patterns of expression with nearly tenfold 
daily changes, whereas Impdh2 does not91. Although protein levels showed a similar trend, the 
changes are smaller than for mRNA consistent with the complicated temporal and spatial 
relationships between protein and mRNA levels96. 
 
We have demonstrated that key structural and functional properties of IMPDH1 splice variants 
are conserved between the well-characterized human enzyme and zebrafish. Human IMPDH1 
assembles polymorphic filaments upon binding the allosteric effectors ATP and GTP16,96. These 
structural features are conserved in zebrafish Impdh1a and Imph1a_tvX1, and the point mutation 
Y12A disrupts assembly in both species, suggesting that the assembly mechanism is also 

https://paperpile.com/c/PLbacO/PV8gH+c5y7g
https://paperpile.com/c/PLbacO/xdgEg+VuS1v+8A9UO
https://paperpile.com/c/PLbacO/oI1Xq+Iptcu
https://paperpile.com/c/PLbacO/oF5Hs
https://paperpile.com/c/PLbacO/VuS1v
https://paperpile.com/c/PLbacO/xdgEg
https://paperpile.com/c/PLbacO/mVHpQ
https://paperpile.com/c/PLbacO/6xC4Y+mVHpQ
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conserved (Fig. 3.2A). In humans, IMPDH1 retinal splice variants have specific structural features 
in the N- and C-terminal splice extensions that reduce sensitivity to GTP inhibition. These 
sequences are conserved in zebrafish, with the C-terminal extension part of Impdh1a (544) and 
the N-terminal extension added in the splice variant Impdh1a_tvX1 (Fig 3.2B,C). In humans, the 
effect of the N-terminal extension in reducing GTP sensitivity is dependent on filament assembly, 
as it functions to bias assembly into a hyperactive filament conformation16. To test conservation 
of this property, we introduced the non-assembly Y12A mutation in Impdh1a_tvX1 and found that 
this increased sensitivity to GTP to the level of Impdh1a, which lacks the N-terminal extension, 
indicating that the effect of the N-terminal extension is dependent on polymerization of the 
zebrafish enzyme (Fig. 3.2D). Thus, the regulation of Impdh1a_tvX1 by polymerization and N- 
and C-terminal extensions mirrors their effects in human IMPDH1, bolstering the case for the 
zebrafish retina as a relevant and appropriate model to study the role of IMPDH1 in the retina. 
 
Impdh1a_tvX1 forms robust filaments in both rods and cones (Figs. 3.3 and 3.4). This is consistent 
with recent findings in mice and zebrafish14,52,85 although Impdh filaments, as measured by the 
appearance of aggregates, were only detected in mouse photoreceptors after exposure to bright 
light and then only in outer segments and not elsewhere in the cell 52. This increase in filaments 
within the outer segment correlated with elevated cGMP synthesis in the whole retina and led 
Plana-Bonamaisó et al.52 to propose that filaments in photoreceptor outer segments are required 
for continued cGMP production during phototransduction. Recent work with the human retinal 
variant and our work presented here on the zebrafish retinal variant (Fig. 3.2) show that filaments 
favor a conformation that resists GTP inhibition, which would be predicted to increase guanine 
synthesis16. 
 
Here, we detailed filament dynamics during normal day-night light cycles (Fig. 3.4). Our results 
show that under normal lighting conditions, few filaments were detected in outer segments. In 
contrast, the filaments are abundant in synapses and throughout the cell body, around both the 
nucleus and mitochondria in both rods and cones. These results suggest an important role for 
nucleotide synthesis throughout the cell, consistent with the role of guanine nucleotides in many 
cellular processes and the robust vesicular trafficking characteristic of photoreceptors. In Xenopus 
laevis, 80 million rhodopsin molecules are transported/day from the inner to outer segment97, and 
synaptic vesicle release in photoreceptors is graded thus requiring large numbers of vesicles98. 
However, the recycling of guanine nucleotides that occurs in these processes and in 
phototransduction might not require significant new synthesis of guanine. Filament formation 
could also provide a scaffold to organize signaling molecules72. Increased filaments in cones 
during the day could support more guanine synthesis and is consistent with the extended photopic 
range of cones compared with rods99. Reduced filament signals at night at the synapse could 
reflect the known disassembly of the ribbon that occurs in zebrafish cone pedicles100. 
 
The overall morphology of the Impdh1a KO retina using IHC and TEM appeared largely normal 
(Fig. 3.5). We demonstrate that this is not because of increased transcription of either impdh1b 
or impdh2. This suggested that either impdh1a is not responsible for significant guanine 
production in photoreceptors or that although guanine production is perturbed in the KO, the 
photoreceptors are able to regulate the key signaling molecule associated with cell degeneration, 

https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/LYbfc+VuS1v+bMkeV
https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/LYbfc
https://paperpile.com/c/PLbacO/6xC4Y
https://paperpile.com/c/PLbacO/Jpypa
https://paperpile.com/c/PLbacO/KnKIv
https://paperpile.com/c/PLbacO/zvlhV
https://paperpile.com/c/PLbacO/a7AfP
https://paperpile.com/c/PLbacO/XTMmH
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cGMP. To analyze the importance of impdh1a contribution to guanine production, we conducted 
metabolomic analyses comparing WT and impdh1a KO retinas. We detected large changes in 
guanine in KO retinas compared with WT, consistent with a significant role for Impdh1a_tvX1 in 
de novo purine synthesis in photoreceptors, but notably cGMP levels were normal (Fig. 3.6). We 
also found no change in mtDNA copy number due to the reduced guanine levels in the KO, even 
when guanine was potentially removed as a food source in fasted animals. Previous work in mice 
found that the loss of Impdh1 also did not cause significant loss of photoreceptors at least through 
10 months, although ERGs revealed a reduction in the dark-adapted a-wave responses starting 
at 5 months49. A careful physiological analysis done at different ages under different illumination 
conditions may also reveal subtle changes in the photoresponse in the zebrafish KO. The 
increase in ribulose-5-phosphate may reflect a change in nucleotide metabolism from the pentose 
phosphate pathway. The key enzymes such as phosphoribosylpyrophosphate synthetase and 
amidophosphoribosyltransferase are inhibited by both guanine and adenine containing 
nucleotides101. Future experiments analyzing metabolic flux with different fuels will dissect the 
regulation of purine synthesis in photoreceptors. 
  
  

https://paperpile.com/c/PLbacO/61b55
https://paperpile.com/c/PLbacO/TD5x0


 

Anika L. Burrell - 2022 | 39 

 
Gene amplification   

Target/NCBI reference 
sequence Forward Primer (5' � 3') Reverse Primer (5' � 3') 

impdh1a/NM_001002177.1 ACAGAGAACAGATTGGTGGATCCA
TGGCTGATTACCTGATCAGCGG 

GAGTGCGGCCGCTTAGCTGC
TGTGTTTAGTGACGGC 

impdh1b/NM_001014369.2 
ACAGAGAACAGATTGGTGGATCCA
TGGCAGACTATCTGATAAGCGGAG

GAA 

GAGTGCGGCCGCTTAGTAAA
GACGCTTCTCGAAGGAGTGA

AGTC 

impdh2/NM_201464.1 ACAGAGAACAGATTGGTGGATCCA
TGGCGGACTATTTAATCAGCGG 

CTCGAGTGCGGCCGCTTAAA
ACAGGCGCTTCTCATAGCTGT 

impdh1a_tvX1/XM_00515900.
4 impdh1a_tvX2/XM_0051590

08.4 
TTTGGGGAAATCAGTCCAAC GAAGCCCGAACAAAACAAAA 

impdh1a_tvX3/XM_00929344
1.2 GAAGCCCGAACAAAACAAAA GGAGACCCTTCATCCACAGC 

impdh1a_tvX4/MZ851785 GGAGACCCTTCATCCACAGC GTTGAGAAATGAGCGCCTCT 

Genotyping   
Target/NCBI reference 

sequence Forward Primer (5' � 3') Reverse Primer (5' � 3') 

impdh1a^sa23234 GACGCCACTCATTTCCTCTC CTTTCCGGACCTCGTTAGC 

rho^fl9 CCCTTCGAAGAGGAAGAGG TCGAGAGTGTCTGGAAGGAGA 

qPCR   
Target/NCBI reference 

sequence Forward Primer (5' � 3') Reverse Primer (5' � 3') 

impdh1a (all variants) CATTGCAGGAATTCAACACG GAACTCCACCCTCAACCTGA 

impdh1b (all variants) Set 1 AGCAAACTAGTCGGCATCGT GGCAGGAGCGACTACAAGAT 

impdh1b (all variants) Set 2 ATCTGATAAGCGGAGGAACG CCAGGCAAGATCAGGAAGTC 

impdh2 (all variants) TCTGGAGACGGCCTTACCTA ATAGGCGACGAGATCAGTGG 

impdh1a_tvX1 & X2 (N-term) AATGGCCCGTTTACTCACAG GTAATCAGCCATGCTCTCTGG 

impdh1a_tvX3 & X4 (N-term) GGCGAATATTCAGCAGAAGG ATCACCGATGGCAAAGAGTT 

impdh1a_tvX1 & X3 (C-term) CATTGCAGGAATTCAACACG TAAATGGCAAAAAAGAATATGA 

impdh1a_tvX2 & X4 (C-term) CATTGCAGGAATTCAACACG ATAACCGTTTCTCGTAAGAAT 

es1 NM_131039.1 TCACAACACCCGTGAACCTT GGTCTCCCACATGAAGGTCG 

gnat1 NM_131868.2 AGTGCATACGACATGGTGCT GATGTGGTGGCGAAGTAACG 

 
Table 3.1: Primers 
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Name Target Species Clonality Manufacturer Catalog 
# 

IHC  
Dilution 

WB  
Dilution 

Impdh1aC Impdh1a  
C-terminus Rabbit  in-house N/A 1:5000 1:500 

Impdh1aN Impdh1a  
N-terminus Rabbit  in-house N/A N/A 1:500 

4C12 unknown  
rod epitope Mouse mAb Fadool lab gift 1:200 1:200 

MTCO1 complex IV 
mitochondria Mouse mAb Abcam ab14705 1:1000 1:1000 

GFP transgenic  
GFP Chicken pAb Abcam ab13970 1:5000 N/A 

HOESCHT  nuclei   Invitrogen H3569 5 uM N/A 
 
Table 3.2: Antibodies/dyes  
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Figure 3.1: Impdh1a_tv1a is the predominant variant in the retina 
A, relative expression levels of all transcript variants for impdh1a, 1b, and 2 throughout the day. 
For each graph, minimum expression = 1: impdh1a timepoints measured relative to 23:00, 
impdh1b relative to 9:00, and impdh2 relative to 15:00. The black and white bars indicate lights 
on (9:00) and lights out (23:00) for animals under normal light/dark cycle, $ denotes p �������
normal light/dark compared with dark only at 9:00. B, comparison of relative maximum expression 
levels of impdh1a (9:00), 1b (23:00), and 2 (5:00) transcripts. C, comparison of relative expression 
levels for all impdh1a transcripts detected in the retina at 9:00. N = 6 animals, the samples were 
in triplicate. D, schematic of impdh1a transcripts X1 to X4 and 544 (X0, NM_001002177.1); primer 
location for (C) indicated by arrows for both C-terminal and N-terminal reactions. See Table 1 for 
primer/transcript information. E, Western blot of Impdh1a protein in WT and impdh1a23234 
zebrafish retinas using antibodies that recognize either X1 and X3 (C-terminal) or X1 and X2 (N-
terminal) N = 2. F, quantification of Impdh1a_tvX1 protein levels throughout the day using the C-
terminal antibody, and inset shows representative Western blot with Ponceau S used as a loading 
control. Trend p =0.04, N = 2 animals per time point. N = 3 animals per time/data point for all other 
panels except where noted. impdh, inosine monophosphate dehydrogenase; tv, transcript variant. 
ns p > 0.05, ѽ p ���������ѽѽ p ��������ѽѽѽ p ����������ѽѽѽѽ p ��������� 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001002177.1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8688572/table/tbl1/
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Figure 3.2: Structural & function conservation between zebrafish and human IMPDH1 
A, negative stain EM of purified human retinal variants IMPDH1(546) & IMPDH1(595) and 
zebrafish Impdh1a (544) & Impdh1a_tvX1. The scale bar represents 100 nm. B and C, sequence 
alignment of human retinal variants IMPDH1(546) and IMPDH1(595), zebrafish Impdh1a (544) 
NM_001002177.1, and zebrafish retinal variant Impdh1a_tvX1 (XM_005159007.4). B, conserved 
N-terminal alpha-helix in blue and gene beginning in pink. C, residues in orange (ordered) are 
resolved in cryo-EM structures of the human protein (9), remainder of C-terminus in yellow is 
flexible and not resolved in structures (9). D, GTP-inhibition curves of zebrafish Impdh1a (544) 
(solid gray line), Impdh1a_tvX1 (solid black line), and non-assembly Y12A protein (dashed black 
line). Each data point represents a triplicate and the error bars are standard deviation. impdh, 
inosine monophosphate dehydrogenase; tv, transcript variant. 
 
 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001002177.1
https://www.ncbi.nlm.nih.gov/nuccore/XM_005159007.4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8688572/#bib9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8688572/#bib9
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Figure 3.3: Impdh1a_tvX1 is expressed exclusively in rods and cones 
A, representative IHC images showing Impdh1a staining of WT and (B) KO adult zebrafish retina 
at 11:00 AM using the C-terminal antibody. C, Impdh1a (green) and MTCO1 (magenta) 
immunostaining of WT-pigmented retina. The nuclei are blue. &ƍ, magnified section of image in 
(C) showing Impdh1a filament localization in cones. The arrows indicate where Impdh1a filaments 
appear to form in the OS. Note the tiering of photoreceptors normal in adult zebrafish retina. D, 
representative Impdh1a staining (green) and 4C12 (magenta) of bleached retina showing the 
localization of Impdh1a with known zebrafish rod marker. The nuclei are stained blue. 'ƍ, 
magnified section of (D) showing overlap of Impdh1a with 4C12 (rod) staining. E, qPCR 
quantification of impdh1a, 1b, and 2 transcripts in coneless retina and (F) qPCR analysis of 
relative impdh1a, 1b, and 2 expression in rodless retina. es1 and gnat1 are cone and rod specific 
genes, respectively. N = 3 animals and the error bars are standard error. IHC, 
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immunohistochemistry; impdh, inosine monophosphate dehydrogenase. ns p !�������෪�p ื��������
෪෪�p ื�������෪෪෪�p ื������� 

 
 
 
Figure 3.4: Impdh1a localization in photoreceptors is dynamic 
A, representative IHC images of zebrafish outer retina at 11 AM and 11 PM stained with 
antibodies against Impdh1a (top white and bottom green) and colabeled (bottom panels) with 
transgenic cone-targeted GFP (blue) and rods (4C12, magenta). B, detailed IHC images of 
photoreceptor inner segments throughout the day. Impdh1a (green) counterstained with cone or 
rod markers (magenta). C, cumulative frequency distributions of particle circularity ratios in rods 
and cones throughout the day. N = 4 animals, three experiments each. D, comparison of particle 
circularity ratios in cones and rods at 5 PM. E, detailed IHC images of photoreceptor synapses at 
11 AM and 11 PM. Top, Impdh1a (green) counterstained with cone (blue) or rod (magenta) 
markers. Middle and bottom, Impdh1a signal overlapping with cone or rod synapse masks, 
respectively. F, quantification of mean synapse fluorescence in cones and rods at 11 AM and 11 
PM, normalized to 11 PM. Each symbol is a different animal, three experiments for each animal. 
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G, hypothesized model for Impdh1a dynamics throughout the day. In daytime, longer Impdh1a 
filaments occupy the inner segments, surrounding mitochondrial clusters (M) and nuclei (N). More 
subtle changes occur at synapses, with slightly reduced Impdh1a immunoreactivity at night. IHC, 
immunohistochemistry; impdh, inosine monophosphate dehydrogenase. 
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Figure 3.5: Loss of impdh1a does not alter the expression of impdh1b or impdh2 and 
does not cause photoreceptor degeneration 
A, schematic of impdh1a KO mutation, a G > T mutation at essential splice site between exon 5 
and 6 resulting in a premature stop codon 11 amino acids after exon 5. B, primary sequence of 
impdh1a_tvX1 compared with impdh1a KO. Blue marks start of retained intron, purple marks 
premature stop codon in impdh1a KO. qPCR analysis of (C) impdh1a, (D) impdh1b, and (E) 
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impdh2 transcripts at 11:00 AM in WT, HET, and impdh1a KO retinas. N = 6 for WT and 
heterozygous animals and N = 5 for KO animals. F, representative IHC images of 18 month old 
impdh1a WT and KO retinas with mitochondria (MTCO1) stained magenta. Cone photoreceptors 
express eGFP under the cone transducin promotor (TaCP:eGFP) and are stained with eGFP 
antibody to visualize cones (green). The nuclei are stained in blue. The images are maximum 
LQWHQVLW\�SURMHFWLRQV�RI����VWDFNV�����ȝP�SHU� VWHS��G, control demonstrating lack of Impdh1a 
protein at 18 months in impdh1a KO retinas. H, mitochondrial (MTCO1) staining of impdh1a WT 
and KO retinas showing normal mitochondrial localization and morphology in the KO retina at 18 
months. I, cone nuclei quantification and (J) outer nuclear layer thickness (rod nuclei) comparing 
impdh1a WT and KO zebrafish retinas at 18 months. K, rod- (gnat1) and cone- (es1) specific 
transcripts in WT compared with KO. impdh2 transcript, which is not found in rod or cones, used 
as a control. N = 5 animals for WT and N = 3 animals for KO. L, whole retina mtDNA copy number 
after feeding or after 18 to 24 h fasting; N = 3 for all the samples. M, representative TEM images 
of 18 month old WT and KO retinas showing high resolution morphology of retinal layers ( left and 
middle panel) and mitochondria (right) in 18 months impdh1a WT and KO retinas. impdh, inosine 
monophosphate dehydrogenase; tv, transcript variant. ns p > 0.05, ѽ p ������� 
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Figure 3.6: Steady state guanine levels are dramatically reduced in impdh1a KO retinas 
A, a schematic of purine nucleotide synthesis pathway. B, the ratio of metabolites directly 
connected to Impdh enzyme activity. C, quantification from LC/MS/MS analysis of a subset of 
relevant metabolites and metabolites at 11:00 AM with significant changes between WT and 
impdh1a KO. The experiment was repeated twice, total N = 5 or 6 animals, and the error bars are 
standard error. impdh, inosine monophosphate dehydrogenase. ns p > 0.05, ѽ p ��������ѽѽ p ��
0.01, ѽѽѽ p �������� 
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Chapter 4: Molecular mechanism of IMPDH1-associated blindness 
 
4.1 Retinopathy mutations fall into two functional classes 
Previous studies have looked at the effect of retinitis pigmentosa mutations in canonical IMPDH1 
and disease mutation D226 in both retinal variants and found there is no effect on substrate 
kinetics49,68, but a subset of mutations disrupt GTP regulation14. Since disease only occurs in the 
retina, where there is no expression of canonical IMPDH1102, and given the large differences in 
GTP regulation we observed with splice variants, we wondered whether the mutations had 
specific effects in the retinal splice variants. We tested the mutant forms of canonical and retinal 
IMPDH1 variants for nine known retinitis pigmentosa mutations. Our findings for canonical 
IMPDH1 confirm the previous results14. We repeated these experiments with the retinal variants 
and found the effects of each mutation were similar in the variants and canonical IMPDH1, with 
several mutations affecting GTP regulation. Thus, in IMPDH1 splice variants, we can describe 
two classes of disease mutants. Mutations that are insensitive to GTP inhibition we describe as 
class I, which consists of five mutations around the third allosteric site that is specific for GTP 
(Fig. 4.1a-d and Supp. Table 4.1). Class I mutations are N198K, R231P, R224P, D226N and 
K238E. Class II mutations are located at four positions more distal to the allosteric sites and had 
a GTP inhibition response nearly identical to WT (Fig. 4.1e-g and Supp. Table 4.1). Class II 
mutations include R105W, T116M, V268I and H372P. The similar effects of disease mutants in 
all variants of IMPDH1 suggests that they likely have the same effect at the enzyme level across 
all tissues expressing IMPDH1. 
 
Class II mutations do not have an effect on biochemical activity, so we wondered whether the 
reason they cause disease might be instead due to an effect on filament assembly. 
 
We performed negative stain EM in the presence of ATP, substrates and inhibitory concentrations 
of GTP (Supp. Fig. 4.1). Under this condition, all three WT variants assemble filaments of 
compressed octamers. Four of the five class I mutants form filaments in all variants, but are made 
up of extended/flexible octamers, which agrees with their inability to be inhibited by GTP. The 
only class I mutation that is different is R224P. IMPDH1(514)-R224P forms compressed filaments 
similar to WT, whereas R224P in both retinal variants does not assemble into filaments (Supp. 
Fig. 4.1), which agrees with previous findings that IMPDH1(514)-R224P has a reduced propensity 
for forming ultrastructures in cells31. In this condition, the class II mutations form filaments that are 
indistinguishable from WT in negative stain EM. The lack of obvious in vitro biochemical or 
structural phenotypes for class II mutations suggests they may lead to misregulation in vivo that 
is dependent on other cellular factors. 
 
4.2 Transgenic zebrafish development 
To understand blindness-associated IMPDH1 mutations in the context of the retina, we developed 
5 transgenic zebrafish lines. All lines express Impdh1a_tvX1 including WT, two class I mutations 
(K238E, D226N), and two class II mutations (V268I, H372P) under the cone promoter TaCP103.  
 
 
4.3 Characterization of transgenic lines 

https://paperpile.com/c/PLbacO/61b55+rJoYj
https://paperpile.com/c/PLbacO/bMkeV
https://paperpile.com/c/PLbacO/ubQ1c
https://paperpile.com/c/PLbacO/bMkeV
https://paperpile.com/c/PLbacO/LkQdL
https://paperpile.com/c/PLbacO/MtTMn
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For an initial characterization of the transgenic zebrafish lines, we performed IHC to identify any 
large changes to retina architecture or protein expression (Fig. 4.2). The transgenic line 
expressing myc tagged Impdh1a_tvX1-WT showed similar retinal architecture and protein 
distribution compared to a WT sibling (Fig. 4.2A,B) demonstrating that overexpression of 
Impdh1a_tvX1-WT alone does not cause degeneration. Lines expressing D226N (Fig. 4.2C) and 
K238E (Fig. 4.2D) show accumulation of Impdh1a-TvX1 in the synapse and large ultrastructures 
through the cell body. In addition, lines expressing K238E show a marked loss of cones in IHC 
and Western (Supp. Fig. 5.1) indicating that expression of this mutation leads to cone 
photoreceptor death recapitulating what is seen in human disease - confirming we have 
established an animal model to study IMPDH1-associated retinal degeneration. 
 
More thorough characterization of these lines in addition to the class II mutation lines is ongoing. 
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Figure 4.1: IMPDH1 retinopathy mutations fall into two classes. 
a, IMPDH1 with catalytic domain (green), regulatory domain (pink), NAD+ (gold), GTP (blue) and 
ATP (orange). Class I (defective in GTP regulation) residues colored coral. Class II residues 
(normal GTP regulation) colored teal. b±g, GTP inhibition curves of IMPDH1 retinopathy mutant 
variants (colored lines) compared to IMPDH1-WT variants (gray lines). Reactions performed with 
�ௗ�0�SURWHLQ���ௗP0�$73���ௗP0�,03�����ௗ�0�1$'+ and varying GTP. Individual data points for 
mutants are shown as circles. Reactions were performed in triplicate and the average for each 
concentration is shown as a bold rectangle (gray WT, red K238E, teal V268I). Error bars show 
the standard deviation for nௗ ௗ���,QGLYLGXDO�GDWD�SRLQWV�DQG�DYHUDJHV�IRU�:7�DUH�LQ�)LJ�����G��b, 
Canonical IMPDH1(514)-K238E. c, Retinal variant IMPDH1(546)-K238E. d, Retinal variant 
IMPDH1(595)-K238E. e, Canonical IMPDH1(514)-V268I. f, Retinal variant IMPDH1(546)-V268I. 
g, Retinal variant IMPDH1(595)-V268I. 
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Figure 4.2: Impdh1a_tvX1 protein accumulation in mutant transgenic retinas 
Representative IHC images of zebrafish retinas showing Impdh1a (green), MTCO1 (green), and 
nuclei (blue). A, 7.5 month WT sibling of fish in C. B, 2.5 month transgenic fish expressing 
TaCP:Impdh1a_tvX1-WT. C, 7.5 month transgenic fish expressing TaCP:Impdh1a_tvX1-D226N. 
D, 4.5 month transgenic fish expressing TaCp:Impdh1a_tvX1-K238E 
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Chapter 5: Methods 
 
5.1 Recombinant IMPDH expression and purification  
Purified IMPDH protein was prepared as described previously13,15. BL21 (DE3) Escherichia coli 
were transformed with a pSMT3-Kan vector expressing N-terminal 6xHis-SMT3/SUMO-tagged 
IMPDH. Cells were cultured in Luria-%HUWDQL�PHGLXP�DW���ௗ�&�XQWLO�UHDFKLQJ�DQ�RSWLFDO�GHQVLW\�
(OD600) of 0.9 then expression induced with addition of isopropyl-ȕ-D-WKLRJDODFWRVLGH�WR��ௗP0�IRU�
�ௗK�DW����&�DQG�SHOOHWHG��7KH�UHPDLQGHU�RI�WKH�SXULILFDWLRQ�ZDV�SHUIRUPHG�DW��ௗ�&��3HOOHWV�ZHUH�
UHVXVSHQGHG�LQ�O\VLV�EXIIHU����ௗP0�.324�����ௗP0�.&O����ௗP0�LPLGD]ROH�����ௗP0�XUHD��S+ௗ���
and lysed with an Emulsiflex-05 homogenizer. Lysate was cleared by centrifugation and SUMO-
tagged IMPDH chromatographically purified with HisTrap FF columns (GE Healthcare Life 
Sciences) and an Äkta Start chromatography system. After on-column washing with lysis buffer 
DQG�HOXWLRQ����ௗP0�.324�����ௗP0�.&O�����ௗP0�LPLGD]ROH��S+ௗ����SHDN�IUDFWLRQV�ZHUH�WUeated 
ZLWK��ௗPJ�RI�8/3��SURWHDVH� 104 SHU����ௗPJ� ,03'+�IRU��ௗK�DW��ௗ�&�� IROORZHG�E\� WKH�DGGLWLRQ of 
�ௗP0� GLWKLRWKUHLWRO� �'77�� DQG� ���ௗP0� XUHD�� 3URWHLQ� ZDV� WKHQ� FRQFHQWUDWHG� XVLQJ� D� �������
molecular weight cutoff Amicon filter and subjected to size-exclusion chromatography using Äkta 
Pure system and a Superose 6 column pre equilibrated in filtration bXIIHU����ௗP0�+(3(6�����ௗP0�
.&O�����ௗP0�XUHD���ௗP0�'77��S+ௗ����3HDN�IUDFWLRQV�ZHUH�FRQFHQWUDWHG�XVLQJ�D��������PROHFXODU�
weight cutoff Amicon filter, then flash-IUR]HQ�LQ�OLTXLG�QLWURJHQ�DQG�VWRUHG�DW�í��ௗ�&� 
 
5.2 IMPDH activity assays 
Protein aliquots were GLOXWHG�LQ�DFWLYLW\�EXIIHU����ௗP0�+(3(6�����ௗP0�.&O���ௗP0�'77��S+ௗ�����
DQG�SUHWUHDWHG�ZLWK�YDU\LQJ�FRQFHQWUDWLRQV�RI�$73��*73�DQG�,03�IRU���ௗPLQ�DW���ௗ�&�LQ���-well 
XOWUDYLROHW� WUDQVSDUHQW� SODWHV� �&RUQLQJ�PRGHO��������5HDFWLRQV� ����ௗ�O� WRWDO��ZHUH� LQLWLDWed by 
addition of varying concentrations of NAD+. NADH production was measured by optical 
DEVRUEDQFH�����ௗQP��LQ�UHDO�WLPH�XVLQJ�D�9DULRVNDQ�/X[�PLFURSODWH�UHDGHU��7KHUPR�6FLHQWLILF��DW�
��ௗ�&���ௗPHDVXUHPHQW�SHU�PLQ��IRU���ௗPLQ��DEVRUEDQFH�ZDV�FRUUHODWHG�ZLth NADH concentration 
using a standard curve. 
 
Specific activity was calculated by linear interpretation of the reaction slope for a 4-min window 
EHJLQQLQJ� �ௗPLQ� DIWHU� UHDFWLRQ� LQLWLDWLRQ�� $OO� GDWD� SRLQWV� UHSRUWHG� DUH� DQ� DYHUDJH� RI� WKUHH�
measurements from the same protein preparation. Error bars are standard deviation. Fits for 
activity assays were calculated using the Hill±Langmuir equation Vௗ ௗVmaxௗîௗ>S]n/((K0.5)nௗ�ௗ>S]n) 
and IC50 was calculated using a modified Hill equation Vௗ ௗVminௗîௗ�Vmaxಞ෥ಞVmin����ௗ�ௗ�I/IC50)n 105. 
Where Vௗ ௗUHDFWLRQ�YHORFLW\��Vmaxௗ ௗPD[LPXP�UHDFWLRQ�YHORFLW\��Vminௗ ௗPLQLPXP�UHDFWLRQ�YHORFLW\��
[S@ௗ ௗVXEVWUDWH� FRQFHQWUDWLRQ�� K���ௗ ௗVXEVWUDWH� FRQFHQWUDWLRQ� WKDW� JLYHV� KDOI� YHORFLW\� RI� Vmax, 
nௗ ௗ+LOO�FRHIILFLHQW��Iௗ ௗLQKLELWRU�FRQFHQWUDWLRQ��,&50ௗ ௗKDOI-maximum inhibitory concentration. 
 
5.3 Negatively stained EM 
Protein samples were applied to glow-discharged continuous carbon EM grids and negatively 
stained with 2% uranyl formate as previously described15. Grids were imaged by transmission EM 
XVLQJ�DQ�)(,�0RUJDJQL�DW����ௗN9�DFFHOHUDWLRQ�YROWDJH�DQG a Gatan Orius CCD. Micrographs were 
FROOHFWHG�DW�D�QRPLQDO�[�������PDJQLILFDWLRQ��SL[HO�VL]H����ௗc�� 
 

https://paperpile.com/c/PLbacO/QSVcB+MQxvP
https://paperpile.com/c/PLbacO/O400E
https://paperpile.com/c/PLbacO/pEzM1
https://paperpile.com/c/PLbacO/QSVcB
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5.4 Cryo-EM sample preparation and data collection 
Protein preparations were applied to glow-discharged C-flat holey carbon EM grids (Protochips), 
blotted and plunge-frozen in liquid ethane using a Vitrobot plunging apparatus (FEI) at 4°C, 100% 
relative humidity as previously described15. High-throughput data collection was performed using 
DQ�)(,�7LWDQ�.ULRV�WUDQVPLVVLRQ�HOHFWURQ�PLFURVFRSH�RSHUDWLQJ�DW����ௗN9��HTXLSSHG�ZLWK�D�*DWDQ�
image filter and postGatan image filter Gatan K2 or K3 Summit direct electron detector) and an 
FEI Glacios (equipped with a Gatan K2 Summit direct electron detector) both using the Leginon 
software package106. 
 
5.5 Cryo-EM image processing 
Videos were collected in super-resolution mode, then aligned and corrected for beam-induced 
motion using Motioncor2, with 2x Fourier binning and dose compensation applied during motion 
correction106,107. Contrast transfer function (CTF) was estimated using GCTF108. Relion v.3.1 was 
used for all subsequent image processing109,110. Each dataset was individually processed but 
using approximately the same previously published strategy15, with some variations from dataset 
to dataset. 
 
First, for most datasets, autopicking templates and initial three-dimensional (3D) references maps 
were prepared by manually picking and extracting boxed particles from a small subset of 
micrographs and classifying/refining in two and three dimensions. For a few datasets, Cryosparc 
Live 111 was used for initial particle selection and two-dimensional (2D) classification. These 
particle coordinates were imported into Relion for 3D refinement. For these initial 3D refinements, 
a featureless, soft-edged cylinder was used as a refinement template of filaments. Because 
IMPDH filament segments possess D4 point-group symmetry, two different locations along 
filaments may be used as symmetry origins: the centers of canonical octamer segments, or the 
centers of the assembly interface between segments. For the filament datasets, we prepared and 
used autopicking templates centered on the filament assembly interface. Due to the expected 
flexibility of filaments, helical segments were processed as single particles, and at no point was 
helical symmetry applied during image processing. After template-based autopicking of each 
complete dataset, picked particles were boxed and extracted from micrographs, and subjected to 
hierarchical 2D classification to select the best-resolved classes. These selected particles were 
then auto-refined in 3D as a single class with D4 symmetry applied. 
 
To improve resolution, partial signal subtraction was performed at this stage using a mask that 
left only the central eight catalytic domains of the filament assembly interface, and then 
subtracting the poorly resolved Bateman domains and neighboring segments, which often 
improved resolution after subsequent auto-refinement. Per-particle defocus and per-micrograph 
astigmatism were then optimized using CTF refinement followed by particle polishing, which 
generally improved resolution further (Table 2.1). 
 
5.6 Model building and refinement 
Initial templates for model building were prepared from hIMPDH2 extended (PDB 6u8N) and 
compressed octamers (PDB 6u9o) with amino acid mutations to hIMPDH1 sequence made in 
Coot112��:KHUH�WKH�1�WHUPLQXV��í��±12) location differed from IMPDH2, it was modeled by hand. 

https://paperpile.com/c/PLbacO/QSVcB
https://paperpile.com/c/PLbacO/1lvbD
https://paperpile.com/c/PLbacO/1lvbD+bH3zX
https://paperpile.com/c/PLbacO/hMv5N
https://paperpile.com/c/PLbacO/j4N2T+AYYQv
https://paperpile.com/c/PLbacO/QSVcB
https://paperpile.com/c/PLbacO/ZyVyM
https://doi.org/10.2210/pdb6u8N/pdb
https://doi.org/10.2210/pdb6u9o/pdb
https://paperpile.com/c/PLbacO/uLkIE
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After rigid-body fitting of templates into the cryo-EM densities using UCSF Chimera, repeated 
cycles of manual fitting with Coot, semiautomated or manual fitting with ISOLDE113, and 
automated fitting with phenix.real_space_refine (using rigid-body refinement, NCS constraints, 
gradient-driven minimization and simulated annealing)112,114,115. Data collection parameters and 
refinement statistics are summarized in Table 2.1. Figures were prepared with UCSF Chimera114. 
 
The sizes of interacting surfaces between IMPDH protomers were calculated using the PDB 
ePISA server116. 
 
5.7 Cell culture and transfection 
HEK293 cells were grown in DMEM/10% fetal bovine serum (FBS)/1% L-glutamine on six-well 
dishes with coverslips in each dish to 50% confluency. They were transfected witK� ��ௗ�O� RI�
Lipofectamine L-������7KHUPR)LVKHU�FDWDORJ�QR������������DQG���ௗ�J�RI�SF'1$����SODVPLG�ZLWK�
either IMPDH1-WT or IMPDH1-<��$� IRU��ௗK�DQG� WKHQ� WKH�PHGLD�ZDV�FKDQJHG� WR�HLWKHU�QHZ�
DMEM/10%FBS/1% L-glutamine or DMEM/10%FBS/1% L-JOXWDPLQH�ZLWK���ௗ�0�MPA. Twenty-
IRXU� KRXUV� ODWHU�� WKH� FHOOV� ZHUH� IL[HG� ZLWK� ��� IRUPDOGHK\GH�3%6� IRU� ��ௗPLQ� DQG�
immunofluorescence was performed on the coverslips. 
 
5.8 Immunofluorescence 
The coverslips with the transfected HEK293 cells were blocked with 2% bovine serum albumin 
(BSA)/PBS and stained with anti-myc antibody 9e10 DSHB (deposited in the Developmental 
6WXGLHV� +\EULGRPD� %DQN� E\� -�0�� %LVKRS�� GLOXWHG� ����� LQ� ��� %6$�3%6� IRU� �ௗK� DW� URRP�
temperature. Then, cells were incubated with Alexa 488 secondary goat anti-mouse (Invitrogen 
catalog no. A-�������GLOXWHG�������LQ���%6$�3%6�IRU���ௗPLQ�DW�URRP�WHPSHUDWXUH��)LQDOO\��QXFOHL�
were stained with 4,6-diamidino-2-SKHQ\OLQGROH� �'$3,�� IRU� ��ௗPLQ� DW� URRP� WHPSHUDWXUH� DQG�
coverslips were mounted with Vectashield mounting medium (Vector Laboratories). The cells 
were imaged on a Nikon Eclipse TE2000-U with a x40 Nikon plan fluorescence objective and 
pictures were taken with Ocular QImaging software v.1.1 using a QImaging Retiga R1 CCD 
camera.  
 
5.9 Zebrafish maintenance and retina collection 
Zebrafish were maintained and used in accordance with the guidelines of experimental protocols 
approved by the IACUC of the University of Washington in Seattle (protocol number: 3113-02). 
The strains used were AB, AB/roya9 117, the transgenic strain Tg(gnat2:EGFP)103 and 
IMPDH1asa23234, which was obtained from the Zebrafish International Research Center. For 
experiments with IMPDH1asa23234, controls were sibling WT fish. IMPDH1asa23234 fish were 
identified by genotyping (Table 3.1). Coneless and rodless strains were Tg(gnat2:mcu-2A-
RFP)w248Tg86 and rhofl987, respectively. To ensure that all cones had degenerated 
Tg(gnat2:mcu-2A-RFP)w248Tg, fish were between 12 and 18 months old. Males and females 
were used in equal numbers for all experiments, and no differences due to sex were noted. Fish 
ages were between 4 and 12 months old unless stated otherwise. 
 
Fish were maintained in the University of Washington ISCRM aquatics facility at 27.5°C on a 14-
h/10-h light/dark cycle, with broad-spectrum white light and daily feedings around 10 AM, 12 PM, 

https://paperpile.com/c/PLbacO/R1fmt
https://paperpile.com/c/PLbacO/uLkIE+YqeFe+vn4do
https://paperpile.com/c/PLbacO/YqeFe
https://paperpile.com/c/PLbacO/iMpKz
https://paperpile.com/c/PLbacO/NLYko
https://paperpile.com/c/PLbacO/MtTMn
https://paperpile.com/c/PLbacO/OBSB9
https://paperpile.com/c/PLbacO/7vz2X
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and 5 PM 18 to 24 h before experimental timepoints, the fish siblings were fasted to minimize 
effects of feeding on IMPDH distribution and nucleotide metabolism. The fish were euthanized in 
an ice bath after cervical dislocation and enucleation; for dark timepoints, euthanasia and 
dissections were performed under infrared light. 
 
5.10 Immunohistochemistry 
Eyes from transgenic adult zebrafish in the AB or AB/roya9 background were placed into fixative 
(4% paraformaldehyde in PBS, pH 7.3) at room temperature (RT), pierced across the cornea with 
a needle, and the vitreous cavity was flushed with fixative. After incubation for 1 to 2 h at RT, the 
eyes were stored for up to 48 h at 4°C, rinsed in PBS, and then cryoprotected in a 20% sucrose 
gradient overnight. For experiments measuring rod photoreceptors, the eyes were bleached with 
10% H2O2 in PBS overnight at 37°C before sucrose gradient to remove pigmentation of the retinal 
pigment epithelium. The following day, the anterior halves of the eye were dissected away, and 
eyecups were embedded and frozen in OCT cryomolds. The eyecups were cryosectioned at 14 
ȝP��IRU�WLPH�SRLQW�DQDO\VHV��WKH�VHFWLRQV�IURP�DOO�DQLPDOV�ZHUH�DUranged on slides for parallel 
staining and analysis. The sections were washed in PBS, then blocked for 30 min in blocking 
buffer (2% normal donkey serum, 2 mg/ml bovine serum albumin, and 0.3% Triton X-100 in PBS). 
Primary antibodies diluted in the blocking buffer were then applied to cryosections overnight at 4 
°C. The antibodies and stains are reported in Table 3.2. Secondary antibodies conjugated to 
AlexaFluor dyes were diluted at 1:2000 in blocking buffer and incubated on sections for 1 h in 
darkness at RT. 
 
5.11 IHC imaging and analysis 
Imaging was performed on a Leica SP8 confocal microscope with a 20x or 63x oil objective and 
12 bit depth using Leica LAS-X software (RRID:SCR_013673). For quantitative imaging with the 
63× objective, Z-stack images of pKRWRUHFHSWRU�UHJLRQV�����WR�����ȝP�IURP�WKH�RSWLF�QHUYH�ZHUH�
DFTXLUHG� HYHU\� ���� ȝP� DW� ����� î� ���� SL[HO� UHVROXWLRQ� IRU� V\QDSVHV� DQG� ����� î� ����� SL[HO�
resolution for inner segments. The Z-stacks from each animal and region were blindly analyzed 
using Image J software (RRID:SCR_002285). For all, the cone and rod IMPDH1a signals were 
isolated by creating masks with either cone Tg(gnat2:eGFP) (RRID:ZDB-GENO-070829-1,117) or 
the rod marker 4C12 (ZDB-ATB-090506-2). Three technical replicates of staining and imaging 
were performed for each animal. Representative images were post processed with Leica 
Lightning deconvolution; brightness and contrast were adjusted equally to ease visualization. 
 
5.12 Antibodies 
The company Pacific Immunology (https://www.pacificimmunology.com) generated polyclonal 
antibodies in rabbits from the following N and C terminal sequences (N terminus 
ERYVDGDREGYQIDYRRIVGD-Cys and C terminus Cys-
TRNGYIEPGSRGHPRAGPNVPSPAVTKHSS). The antibodies were provided affinity purified. 
Western blots were conducted, as previously described 118. After Western blot transfer, the 
membranes were stained with Ponceau S (Sigma #P7170), washed with water, and imaged as a 
loading control. 
 
5.13 Metabolomics 

https://paperpile.com/c/PLbacO/NLYko
https://www.pacificimmunology.com/
https://paperpile.com/c/PLbacO/5wMIj
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Fish were fasted for 18 to 24 h. The retinas were rapidly dissected from eyes, rinsed in Krebs±
Ringer bicarbonate buffer (98.5 mM NaCl, 4.9 mM KCl, 1.2 mM KH2PO4, 1.2 mM MGSO4±7H2O, 
20 mM Hepes, 2.6 mM CaCl±2H2O, and 25.9 mM NaHCO3) and then immediately frozen. The 
UHWLQD�VDPSOHV�ZHUH�KRPRJHQL]HG� LQ�����ȝO�FROG�����PHWKDQRO� �PHWKDQRO�ZDWHU� �������9�9���
using a microtube homogenizer. The samples were stored on dry ice for 30 min, then centrifuged 
at 15,000 RPM for 15 min. The supernatant was dried by the gel pump (Savant), and then the 
GULHG�H[WUDFW�ZDV�UHFRQVWLWXWHG�ZLWK�����ȝO�RI�PRELOH�SKDVH��D�PL[WXUH�RI�$�%�DW�������LQ�9�9��IRU�
targeted metabolomics, as reported 119,120. The metabolite extracts were analyzed by a Shimadzu 
LC Nexera X2 UHPLC coupled with a QTRAP 5500 LC-MS/MS (AB Sciex). An ACQUITY UPLC 
BEH Amide analytic column (2.1 × ���PP������ȝP���:DWHUV�&RUS��ZDV�XVHG�IRU�FKURPDWRJUDSKLF�
separation. The mobile phase was (A) water with 10 mM ammonium acetate (pH 8.9) and (B) 
acetonitrile/water (95/5) with 10 mM ammonium acetate (pH 8.2) (All solvents were LC±MS 
Optima grade from Fisher Scientific). The total run time was 11 min with a flow rate of 0.5 ml/min 
DQG�DQ�LQMHFWLRQ�YROXPH�RI���ȝO��7KH�JUDGLHQW�HOXWLRQ�ZDV����WR�����%�LQ���PLQ�����WR�����%�DW���
min, 61 to 27% B at 8.2 min, and 27 to 95% B at 9 min. The column was equilibrated with 95% B 
at the end of each run. The source and collision gas was N2. The ion source conditions in positive 
and negative mode were as follows: curtain gas (CUR) = 25 psi, collision gas (CAD) = high, ion 
VSUD\�YROWDJH��,6�� ������í�����9��WHPSHUDWXUH��7(M) = 500 °C, ion source gas 1 (GS1) = 50 
psi, and ion source gas 2 (GS2) = 40 psi. Each metabolite was tuned with standards for optimal 
transitions. D4-nicotinamide (Cambridge Isotope Laboratories) was used as an internal standard. 
The extracted MRM peaks were integrated using MultiQuant 3.0.3 software (AB Sciex). 
 
5.14 qRT-PCR and identification of transcripts 
Extraction of RNA, cDNA synthesis, and qRT-PCR amplification were conducted, as previously 
described using TATA-box binding protein as a reference gene 86,121. The primers are listed in 
Table 3.1. For IMPDH1b amplification, primer set 1 was used for Figures 3.1A,B and 3.55C, and 
primer set 2 was used for Figures 3.3F,G and 3.55C. Mitochondrial DNA quantification was 
performed, as described122. 
 
5.15 Zebrafish models 
For generation of the Tg(7Į&3:IMPDH1a_tvX1-mutant) line, plasmids were assembled using the 
Gateway-Tol2 system123. Expression of Impdh1a_tvX1 was driven by the cone transducin alpha 
SURPRWHU��7Į&3��JQDW��103. A destination vector with a RFP heart marker for aid in transgenic 
identification was used. The fully assembled construct was injected into embryos at the 1-cell 
stage with Tol2 transposase mRNA. Larvae mosaic for the transgene were raised to adulthood to 
identify founder carriers. A single F0 founder was used to generate F1 fish that were screened for 
a single insertion of the transgene; F2 fish from two F1 substrains with a single insertion were 
used for analysis in this study. 
 
5.16 Immunoblotting 
Samples were loaded into wells on 10% acrylamide gel (BioRad, 4561033 or  4561036). After 
UXQQLQJ� WKH�JHO�DW����ௗ9� IRU����PLQ��JHOV�ZHUH� WUDQVIHUUHG�RQWR PVDF membranes (Millipore, 
,3)/�������DQG�EORFNHG� IRU��ௗK�DW� URRP�WHPSHUDWXUH� LQ�/,-COR Odyssey Blocking Buffer (LI-
COR, 927±40,000). Primary antibodies were diluted in blocking buffer at specified concentrations 

https://paperpile.com/c/PLbacO/7QYR5+2HaXx
https://paperpile.com/c/PLbacO/OBSB9+aIV8P
https://paperpile.com/c/PLbacO/JAbiw
https://paperpile.com/c/PLbacO/pBAOL
https://paperpile.com/c/PLbacO/MtTMn
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and incubated overnight at 4°C. Membranes were washed with PBST, then incubated with 
VHFRQGDU\�DQWLERG\�IRU��ௗK�DW����&�DQG�ZDVKHG�DJDLQ�ZLWK�3%67�EHIRUH�LPDJLQJ��0HPEUDQHV�
were imaged and bands were quantified using the LI-COR Odyssey CLx Imaging System 
(RRID:SCR_014579). Gels were repeated a minimum of twice, with images from one 
representative experiment. 
 
 
 
 
 
 
  



 

Anika L. Burrell - 2022 | 59 

Supplemental  
 
 

 
Supplemental Figure 2.1: IMPDH2-WT Filaments Resist GTP Inhibition 
a,b, GTP inhibition curves of IMPDH2 or IMPDH1-WT (solid line) and the respective non-
assembly Y12A protein (dashed line). Individual data points are shown as diamonds (IMPDH2) 
or circles (IMPDH1), where filled are WT and empty Y12A. Reactions were performed in triplicate 
and the average for each concentration is shown as a bold rectangle (filled is WT, empty is Y12A). 
(UURU�EDUV�DUH�VWDQGDUG�GHYLDWLRQ�FDOFXODWHG�IURP�Qௗ ௗ���5HDFWLRQV�SHUIRUPHG�ZLWK��ௗ�0�SURWHLQ��
�ௗP0�$73���ௗP0�,03�����ௗ�0�1$'+, and varying GTP. 
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Supplemental Figure 2.2: Cryo-EM workflow 
Flow chart summarizing data processing strategy for IMPDH1+ ATP/IMP/NAD+. 
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Supplemental Figure 2.3: IMPDH1 active site map and model 
a-f, Cartoon representation of the active site. Side chains around the active site are shown as 
sticks. Chain A is dark green while the neighboring chain is light green. NAD+ is yellow and IMP 
red. Density for the ligand(s) is shown as a surface. a, IMPDH1(514) bound to ATP/IMP/NAD+. b, 
IMPDH1(514) bound to GTP/ATP/IMP. c, IMPDH1(546) bound to ATP/IMP/NAD+. d, 
IMPDH1(546) bound to GTP/ATP/IMP/NAD+. e, IMPDH1(595) bound to ATP. f, IMPDH1(595) 
bound to GTP/ATP/IMP/NAD+. 
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Supplemental Figure 2.4: Inhibited IMPDH1-WT tetramer is in a bowed conformation 
a, Comparison of the catalytic tetramers of inhibited IMPDH2 filament (gray; 6u8s) to inhibited 
IMPDH2 free octamer (6uaj). Aligned on monomers with asterisk, other monomer pair has an 
DOSKD� FDUERQ� 506'� RI� ���ௗc�� b, Comparison of the catalytic tetramers of inhibited IMPDH2 
filament (gray; 6u8s) to inhibited IMPDH1 filament. Aligned on monomers with asterisk, other 
PRQRPHU�SDLU�KDV�DQ�DOSKD�FDUERQ�506'�RI����ௗc� 
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Supplemental Figure 2.5: Y12A non-assembly mutation prevents assembly in all IMPDH1 
variants 
Negative stain EM of purified human IMPDH1. Non-assembly mutation Y12A breaks both ATP- 
and GTP-GHSHQGHQW�DVVHPEO\��6FDOH�EDU����ௗQP��5HDFWLRQV�SHUIRUPHG�ZLWK��ௗ�0�SURWHLQ���ௗP0�
$73�LI�XVHG���ௗP0�*73�LI�XVHG� 
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Supplemental Figure 2.6: IMPDH1 retinal variant (546) is similar to canonical IMPDH1 
a-c, Active IMPDH1(546) filament bound to ATP, IMP, NAD+. a, Low-pass filtered cryo-EM 
reconstruction b, Interface-focused cryo-EM reconstruction. 8 monomers are colored by catalytic 
domain (green) and regulatory domain (pink). c, View of the top of an octamer from inside the 
filament. The surface area buried by the octamer interface is in aqua with the indicated total buried 
surface area. (Surface representation of the atomic model at the assembly interface, with buried 
residues in cyan). d-f, Inhibited IMPDH1(546) filament bound to GTP, ATP, IMP, NAD+. d, Low-
pass filtered cryo-EM reconstruction e, Interface-focused cryo-EM reconstruction. 8 monomers 
are colored by catalytic domain (green) and regulatory domain (pink). f, View of the top of an 
octamer from inside the filament. The surface area buried by the octamer interface is in aqua with 
the indicated total buried surface area. (Surface representation of the atomic model at the 
assembly interface, with buried residues in cyan). 
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Supplemental Figure 2.7: IMPDH1 retinal variant C-term disrupts interactions 
a, Evolutionary conservation of the C-terminus in canonical IMPDH1 and both retinal splice 
variants. b, Surface representation of octamer side view. Dotted box indicates the region shown 
in c-d. c-d, Each chain is a different color green, C-term residues 510±512 in orange, and IMP in 
purple. c, inhibited canonical IMPDH1. d, Inhibited retinal variant IMPDH1(546). 
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Supplemental Figure 4.1: IMPDH1 disease mutants have a variety of assembly 
phenotypes 
1HJDWLYH�VWDLQ�(0�RI�SXULILHG�KXPDQ�,03'+���6FDOH�EDU����ௗQP��5HDFWLRQV�SHUIRUPHG�ZLWK��ௗ�0�
SURWHLQ���ௗP0�$73���ௗP0�*73���ௗP0�,03���ௗP0�1$'+. 
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Supplemental Figure 5.1: Cone degeneration depends on RP mutation 
A, Representative western blot with transgenic zebrafish expressing TaCP:Impdh1a_tvX1-D226N 
and WT siblings probing for Impdh1a, myc, and cone transducin (Table 3.2) B, Quantification of 
western blots show no change in transducin levels C, Representative western blot with transgenic 
zebrafish expressing TaCP:Impdh1a_tvX1-K238E and WT siblings probing for Impdh1a, myc, 
and cone transducin (Table 3.2) D, Quantification of western blots show decrease in cone 
transducin in transgenic fish 
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Supplemental Table 2.1 IMPDH1 and IMPDH2 have similar kinetics  
Table comparing Vmax, K0.5, and Hill coefficients for IMP and NAD+ for IMPDH1 and IMPDH2. 
Reactions performed with 1 µM protein, 1 mM ATP, 1 mM or varying IMP, and 300 µM or varying 
NAD+. All data points reported are an average of 3 measurements from the same protein 
preparation. Fits for activity assays were calculated using the Hill-Langmuir equation V = 
Vmax*[S] 105 
 
  

https://paperpile.com/c/PLbacO/pEzM1
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Supplemental Table 2.2 RMSD between catalytic domains of models 
Top-down view of tetramer with catalytic domains (green) and regulatory domains (pink). Models 
are aligned on catalytic domain with asterisk and alpha carbon RMSD is calculated by catalytic 
domain outlined in bold. IMPDH2 active is 6u8n, IMPDH2 inactive is 6u8s RMSD to determine 
how tetramer flexing (bent/flat) compares. 
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Supplemental Table 2.3 IMPDH1 and IMPDH2 IC50 for GTP in µM 
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Supplemental Table 4.1. IMPDH1 RP mutations do not change NAD+ or IMP kinetics in any 
variants  
a-c, Vmax �ȝ0�1$'+�PLQ�ȝ0�,03'+���.�����ȝ0���DQG�+LOO�FRHIILFLHQW�IRU�1$'+ for WT and RP 
mutants in all variants. a, For NAD+. Reactions performed with 1 µM protein, 1 mM ATP, 1 mM 
IMP, and varying NAD+. b, For IMP. Reactions performed with 1 µM protein, 1 mM ATP, 300 µM 
NAD+, and varying IMP. c, For GTP. Reactions performed with 1 µM protein, 1 mM ATP, 1 mM 
IMP, 300 µM NAD+, and varying GTP. All data points reported are an average of 3 measurements 
from the same protein preparation. Fits for activity assays were calculated using the HillLangmuir 
equation V = Vmax*[S]n/((K0.5)n+[S]n) and IC50 was calculated using a modified Hill equation 
V=Vmin*(Vmax-Vmin)/(1+(I/IC50)hill 105.  

https://paperpile.com/c/PLbacO/pEzM1
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