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ABSTRACT 
 
 
Ca2+-dependent regulation of retinal guanylyl cyclase (RetGC), controlled by the sensor proteins 

GCAP5 and RD3, is important for promoting the visual recovery phase of phototransduction in 

retinal photoreceptor cells.  Particular point mutations in either RetGC, GCAPs or RD3 each 

disrupt the Ca2+-dependent cyclase activity and are genetically linked to various retinal 

degenerative diseases, including autosomal cone dystrophy and Leber’s congenital amaurosis. In 

this thesis, I will present atomic-level structural analyses of both GCAP5 and RD3.  Before solving 

the structure of RD3, I first developed an elaborate procedure to prepare enough RD3 protein 

required for NMR that involved refolding functional protein from inclusion bodies. The NMR 

structure of the RD3 protein (described in Chapter 2) reveals a novel fold with a non-canonical 4-

helix bundle, which identified key amino acid residues on the RD3 surface that make 

intermolecular contacts with RetGC.  Mutation of these hot spot residues weaken RD3 binding to 

RetGC. This work on the RD3 protein was published in J. Biol. Chem (2019) 294:2318.  In a 

separate project described in Chapter 3, I used both NMR and EPR-DEER to solve the dimeric 

structure of GCAP5, which provides insights into the Ca2+/Fe2+-dependent conformational changes 

in GCAP5 that control the activation of RetGC. GCAP5 contains two non-conserved cysteine 

residues (Cys15 and Cys17) that are essential for the binding of Fe2+ to GCAP5 that are not 

observed in GCAP1. In vivo functional studies show that Fe2+ binding to GCAP5 inhibits RetGC 

activity and GCAP5 is suggested to be a redox sensor in visual phototransduction. Binding and 

mutagenesis studies reveal that GCAP5 forms a dimer, which binds to a single Fe2+.  In essence, a 

total of four sulfhydryl groups (from Cys15 and Cys17) from each molecule of the GCAP5 dimer 

chelate the bound Fe2+ with a tetrahedral geometry, and the bound Fe2+ bridges two molecules of 

GCAP5 in a 1:2 complex. I solved the NMR structure of the Fe2+-free activator state of GCAP5, 
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which is like the structure of GCAP1 except for differences in the N-terminal region that binds to 

Fe2+ in GCAP5.  The N-terminal helix in GCAP5 is one turn longer to stabilize the exposure of 

Cys15 and Cys17, which are both essential for Fe2+ binding in GCAP5. I used EPR-DEER to 

measure intermolecular distances in the Fe2+-free GCAP5 dimer that were used to elucidate the 

dimeric structure.  The GCAP5 dimer interface is comprised of mostly hydrophobic residues (H18, 

Y21, M25, F72, V76 and W93) that are conserved in GCAP1. In addition, the GCAP5 dimer 

contains an intermolecular salt bridge (between R22 and D71) that is not conserved in GCAP1. 

The double mutation H18E/Y21E and single mutations (R22D and M25E) both disrupt GCAP5 

dimerization and the corresponding mutations in GCAP1 each abolish cyclase activation.  Also, a 

mutation in GCAP1 (H19E) was found in a human patient that has autosomal dominant cone 

dystrophy.  I conclude that Fe2+ binding and dimerization of GCAP5 is critical for the regulation 

of RetGC and the residues identified at the dimer interface (H18, Y21, M25, F72, V76 and W93) 

are important targets for future drug design.  
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_________________________________________________________________ 
 

Chapter 1 
 
 
 

Introduction 
 

 
 
 

 
 

1.1   Visual System and Phototransduction 
 

Vision is one of the five sensory systems that are responsible in bridging the communication 

between our minds and the world around us. Vision begins in the eye, where light is focused onto 

the retina and is then converted into electrical signals involved in a sensory transduction called 

phototransduction 1-3. This sensory transduction is a process by which the electrical responses are 

then transmitted to the brain to comprehend and generate a visual perception. The retina is located 

in the back of the eye comprised of layers of neurons that are all interconnected to transduce light 

signals into electrical information processed by the brain. It is highly conserved across all 

vertebrates and composed of different cell types including, photoreceptor cells, bipolar cells, and 

ganglion cells important for signal transduction (fig. 1.1.1) 2-4. 

The first layer in the retina is made up of two classical types of photosensitive photoreceptor 

cells known as rod and cone receptor cells. Rods and cone cells are responsible for mediating 

different levels of vision, where rod cells function in low light and peripheral vision whereas cone 

cells function in high light and color vision 1-3, 5. There are two important phases in 

phototransduction that are tightly regulated in the visual system: (1) visual excitation and (2) visual 

recovery. 
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Fig. 1.1.1. Anatomy of the eye and visual phototransduction. Light is passed through the eye 
and is directed onto the retina, where it is absorbed in the photoreceptor cells. Light pathway in 
the retina goes from photoreceptors’ outer segments to optic nerve for conversion into electrical 
signals for interpretation in the brain. 
 

Visual excitation begins with light-induced activation of the visual pigment called 

rhodopsin. Vertebrate photoreceptor cells contain a conjugated chromophore, 11-cis retinal, that 

is covalently bound to a cell membrane protein called an opsin 1. The absorption of an incident 

photon facilitates the isomerization of 11-cis retinal to 11-trans retinal, which thereby triggers the 

phototransduction cascade. This biochemical cascade is a G-protein coupled-receptor (GPCR) 

cascade comprising of opsin, transducin, phosphodiesterase (PDE6), and retinal membrane 

guanylyl cyclase (RetGC)  3-8. The induced configuration of the conjugated chromophore causes a 

conformational change in opsin to an activated opsin R* or metarhodopsin II. From there, 

metarhodopsin II interacts with transducin to activate its catalysis. Transducin (G) is a 
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heterotimermeric protein that comprises of alpha, beta, and gamma subunits 1, 9. The interaction of 

R* and G allows the exchange of a bound guanosine diphosphate (GDP) for a cytosolic guanosine 

triphosphate (GTP) and the release of its beta and gamma subunits. The GTP-bound alpha subunit 

G* is then able to bind to phosphodiesterase (PDE6) for activation 10. 

Fig 1.1.2. Visual phototransduction excitation. The incident photon triggers the activation of 
opsin (rhodopsin for rods), transducin, and phosphodiesterase. Light-activated PDE6 lowers key 

second messenger cGMP and results in CNG-gated ion channels closure. 
 

1.2   Regulation of Visual Excitation by Phosphodiesterase (PDE6) 
 

PDE6 is a key enzyme in visual excitation that catalyzes the hydrolysis of cyclic guanosine 

monophosphate (cGMP), a second messenger that gates the cyclic nucleotide gated ion channels 

(CNG) along the plasma membrane, to GMP. Light activation of a photoreceptor cell generates 

the formation of light-activated transducin (G*) that binds to the gamma inhibitory subunits of 

PDE6, allowing the activation of its alpha and beta subunits. From there, light-activated PDE6 

catalyzes the hydrolysis of cGMP to form GMP and lowers the cytosolic concentration of cGMP 
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in photoreceptor cells. The light-induced decrease in cGMP causes the closure of the cGMP-gated 

ion channels and therefore, blocks the entry of both Na+ and Ca2+, which lowers the cytosolic 

concentration of these ions. The light-induced drop in cytosolic concentration of Na+ and Ca2+ 

ions cause a hyperpolarization of the plasma membrane that travels to the photoreceptor synaptic 

terminal, which triggers a reduction in the release of neurotransmitter, and generates a neural signal 

2, 5, 6, 8, 11-15. In contrast, dark-adapted photoreceptor cells are depolarized due to the Ca2+ and Na+ 

influx through cGMP-gated ion channels that are kept open in the dark. As a result, the dark-

adapted depolarized photoreceptors allow the continuous release of neurotransmitter glutamate 

that causes a constant dark current in the absence of light 5, 9, 16-18. In essence, light activation of 

photoreceptor cells causes a decrease in current output. A key difference between the light-

activated versus dark-adapted photoreceptor cell is that the cytosolic Ca2+ concentration is 

maintained to be relatively high (500 nM) in dark-adapted photoreceptor cells, whereas the Ca2+ 

level is ten-fold lower in light-activated cells.  The light-induced decrease in cytosolic Ca2+ level 

is a key coordinating signal for promoting the re-opening of CNG channels during visual recovery, 

because the drop in Ca2+ level activates the re-synthesis of cGMP that is catalyzed by the enzyme, 

retinal guanylate cyclase (RetGC) described below in section 1.3. 

 
1.3   Visual Recovery Regulated by Retinal Membrane Guanylyl Cyclase 

(RetGC) 
 

The light-induced depletion of Ca2+ ions in photoreceptor cells trigger the visual recovery 

phase of phototransduction, which involves the re-opening of cGMP-gated (CNG) channels and 

restoration of the dark-state.  The re-opening of CNG channels requires the re-synthesis of cGMP 

catalyzed by an important enzyme called retinal guanylyl cyclase (RetGC). RetGC catalyzes the 

resynthesis of cGMP from cytosolic guanosine triphosphate (GTP) and the cyclase catalytic 
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activity is regulated by calcium sensor proteins called guanylyl cyclase activating proteins 

(GCAPs). The Ca2+-free state of GCAP proteins bind to RetGC and activate cyclase activity in 

light-activated photoreceptor cells when Ca2+ levels are decreased below 50 nM 1, 19-23.  By 

contrast, the Ca2+-bound form of GCAPs inhibit the cyclase activity in dark-adapted photoreceptor 

cells when Ca2+ levels are increased above 500 nM 1, 19-23. GCAPs are ~200-residue neuronal 

calcium sensor (NCS) proteins that regulate sensory transduction in the brain and retina.  GCAPs 

contain four EF-hand motifs that allow binding to ions such as Ca2+ and Mg2+, which is critical for 

its function in visual recovery. 

 
Fig. 1.2.1. Visual recovery phase. In light-activated photoreceptor cells, GCAP protein binds to 
RetGC at high levels of Ca2+ to activate cGMP resynthesis to reopen CNG-gated ion channels. In 
contrast, GCAP protein binds to RetGC at low Ca2+ levels to inhibit cGMP resynthesis. 
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The light-induced depletion of cGMP and closure of the CNG-gated channels result in the 

decrease in Ca2+ concentrations from 500 to 50 nM 1, 9, 19-25. This light-induced drop in Ca2+ 

concentration triggers the activation of RetGC by its binding to Ca2+-free GCAP. As a result, 

cGMP levels are replenished for CNG-gated channels to reopen during visual recovery 19-23, 26, 27. 

In contrast, Ca2+-bound GCAP binds to RetGC to inhibit its catalysis at the high Ca2+ and cGMP 

concentrations that exist in dark-adapted photoreceptor cells. Thus, RetGC undergoes a calcium-

dependent regulation mediated by GCAP proteins, which activates the cyclase when it is needed 

during visual recovery and inactivates the cyclase when not needed in the dark. Mutations 

disrupting the interaction between GCAP proteins and RetGC disable the regulation of the visual 

recovery phase and are genetically linked to retinal generative diseases that may result in blindness 

or vision impairment 2, 6, 8, 28-31. 

 

1.4   Structure and Function of GCAPs  
 
The ability of GCAP proteins to activate and inhibit RetGC depends on the Ca2+-dependent 

conformational changes in the GCAP proteins. GCAP proteins contain four EF-hand Ca2+-binding 

motifs that are highly conserved in NCS proteins 6, 13, 32-36. An EF-hand motif was first identified 

in the E and F helices of the crystal structure of parvalbumin (PDB: 1B8C) and observed 29 

residues in a helix-loop-helix topology, exhibiting a similar shape to the spread from forefinger (E 

helix) to the thumb (F helix) 6, 9, 16, 17, 37-40. The two EF-hand helices are linked by a flexible loop 

linker that follow a consensus sequence to allow Ca2+ and other biologically active metals to bind 

37, 39-43. 

There are two classes of EF-hands observed in NCS proteins: (1) canonical and (2) pseudo-

EF-hands 7, 9, 33, 39-41, 44, 45. Calcium binding proteins, like calmodulin (CaM) and GCAPs, comprise 

of 4 canonical EF-hand motifs with 12 amino acid residue loop that bind to Ca2+ in a pentagonal 
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bipyramidal coordination 13, 39, 42, 43. The binding loop have highly conserved polar residues with 

sidechains containing carboxylate and carbonyls at strategic positions along the loop sequence to 

adapt to its correct configuration, providing oxygen ligands to the calcium ion.  

 
Fig. 1.4.1. EF-hand consensus (A) Consensus sequence of EF-hand motif. Sequence shows 
pattern of highly conserved residues, where N represents hydrophobic residues and asterisk (*) 
represent any residue. Loop positions 1, 3,5, 7, 9, and 12 contain oxygen atoms in their backbone 
and sidechains that ligate Ca2+ ion. (B) Parvalbumin crystal structure (PDB: 1B8C) containing EF-
hand topology. (C) Ca2+ pentagonal bipyramidal coordination in EF-hand binding loop of 
parvalbumin (PDB: 1B8C) 6, 39, 43. 
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In fig. 1.4.1A, N residues are hydrophobic and asterisk (*) are classified as any amino acid. 

Among the 12 amino residues in the binding loop, only positions 1 (X), 3 (Y), 5 (Z), 7 (-Y), 9 (-

X), and 12 (-Z) are directly involved in chelating Ca2+ (fig. 1.4.1A). Residues like aspartate (Asp, 

D), glutamate (Glu, E), asparagine (Asn, G), and glutamine (Gln, Q) contain oxygen atoms in its 

backbone and sidechains that are preferred as ligands to bind to Ca2+ 18, 33, 40, 44, 46. Sidechain 

oxygens at positions 1 (X), 3 (Y), and 5 (Z) ligates Ca2+ while position 7 (-Y) is chelated by its 

backbone oxygen39, 40, 46. The ninth position, 9 (-X), is indirectly bound to Ca2+ through an 

associated water molecule (fig. 1.4.1). The highly conserved 12 (-Z) chelates the calcium ion with 

two oxygen-containing sidechains (usually Glu or Asp) to form the pentagonal bipyramidal 

coordination. 

A conserved glycine (G) at position 6 of the EF-binding loop also plays an important role 

in achieving the correct conformation from apo- to Ca2+-bound state7, 39, 40, 45, 46. More importantly, 

the identity of the 12th residue is critical in cation selectivity. The 12th position is conserved to be 

either glutamate (E) or aspartate (D). EF-hands containing Asp12 have shorter side chains than 

Glu12, making it difficult for Asp12 sidechain oxygen atoms to coordinate Ca2+ ion in the correct 

coordination. Because of the shorter side chain, EF-hands with Asp12 favor binding to Mg2+ due 

to the smaller binding site formed39, 40, 46. Mg2+ are able to bind to Ca2+ specific sites in an 

octahedral geometry, however, Mg2+ binding does not induce any conformational changes in the 

EF-hand18, 39-41, 44, 46. Other than selectivity, Mg2+ binding in NCS proteins stabilizes the Ca2+-free 

state of the protein at low Ca2+ levels and is functionally different from the Ca2+-bound state18, 40, 

46, 47. 

In dark-adapted photoreceptor cells, there is an influx in Na+ and Ca2+ ions due to the 

presence of cytosolic cGMP levels maintaining a fraction of cGMP-gated ion channels to remain 
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open. However, there are light-insensitive Na+/K+, Ca2+ exchangers along the plasma membrane 

of a photoreceptor’s outer segment that allow the continuous exit of Ca2+ ions in either light-

activated or dark-adapted photoreceptors5, 6, 17, 22, 23, 44, 48-50. As a result, light-stimulated decrease 

in cGMP caused by PDE6 activation causes a substantial drop in intracellular Ca2+ ion 

concentration from 250 nM to 25 nM with cGMP-gated ion channels closing and Na+/K+, Ca2+ 

exchangers remaining opened5, 9, 17, 23, 33, 48. It is known that changes in Ca2+ levels trigger the visual 

recovery phase of photoexcitation, by which RetGC is either activated at low Ca2+ and inhibited at 

high Ca2+ levels. Previous studies of RetGC regulation were known to be dependent on the binding 

and release of Ca2+ ions in metal-free (apo-form) myristoylated GCAPs51. However, Mg2+ ions 

were discovered to be critical for stabilizing GCAP as the activator state7, 11, 12, 40, 45, 46, 52, 53.  

 Of the four Ca2+ binding EF-hands in GCAPs, only EF2-4 are functionally capable of 

chelating Ca2+ and Mg2+ ions while EF1 is necessary for RetGC-GCAPs binding interactions5, 6, 9, 

21, 23, 34, 35, 38. EF1 contains conserved loop residues Cys-29 (position 3, (Y)) and Pro-30 (position 

4) that disable metal ion binding1, 4. Peshenko et al. observed that Ca2+ ions binding to EF2-4 at 

physiological Mg2+ levels (1 mM) in the dark-adapted state functioned as a RetGC inactivator46, 

54-56. Conversely, Mg2+ is able to bind to EF2-4 and function as a RetGC activator in light-excited 

photoreceptors 40, 46, 47. Moreover, Mg2+ binding to EF2-4 with an octahedral coordination at low 

Ca2+ levels cause conformational changes in EF1 that are favorable for RetGC activation39. 

Peshenko et al. confirmed disabling EF2-4 to bind to both Ca2+ and Mg2+ does not activate or 

inhibit RetGC activity 46.  

 All NCS proteins contain a covalently attached N-terminal myristoyl group. In some NCS 

proteins, the N-terminal myristoylation promotes Ca2+-induced membrane targeting (termed Ca2+-

myristoyl switch) and functions as a Ca2+-dependent anchor to cellular membranes 4, 9, 40, 43. For 
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instance, myristoylation is important for recoverin to bind to disc membranes in the presence of 

high Ca2+ concentrations 57. Absence of myristoylation in recoverin causes cytosol localization 58. 

However, the myristoylated GCAP proteins do not possess a functional Ca2+-myristoyl switch 33, 

34. The X-ray crystal structure of Ca2+-bound GCAP1 inhibitor revealed that the myristoyl group 

was sequestered inside the protein, which makes hydrophobic contacts between the N- and C-

termini helices 40, 53, 59, 60. Moreover, Lim et al observed that the myristoyl group was buried inside 

GCAP1 at low and high Ca2+ concentrations and did not significantly affect folding stability by 

NMR and Differential Scanning Calorimetry (DSC) analyses40.  

A nuclear magnetic resonance (NMR) structure of Ca2+-free/Mg2+-bound GCAP1V77E was 

solved in 2016 by Dr. Sunghyuk Lim, a former post-doc of the Ames lab at the University of 

California Davis 14, 43, 53, 60. Although the NMR structure of the Ca2+-free GCAP1 mutant was 

similar to the X-ray crystal structure of a Ca2+ saturated GCAP1 solved by Dr. Ricardo Stephen, 

there were critical differences observed by NMR that identified functional Ca2+-induced 

conformational changes 59. NMR played an important role in locating residues along the sequence 

with Ca2+-sensitive NMR chemical shift differences (fig. 1.4.2). More specifically, EF4 and the C-
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terminal helix (𝛼10) had the largest chemical shift differences (fig. 1.4.2) that agreed with the 

structural differences seen in the Ca2+-free/Mg2+-bound state versus Ca2+ saturated GCAP1 53, 59.  

 
Fig. 1.4.2. Conformational changes in GCAP1 by presence of Ca2+ detected by NMR. (A) 
NMR amide chemical shift difference between Ca2+-bound and Ca2+-free plotted against residue 
number shows residues involved in structural changes. Critical residues exhibiting largest NMR 
chemical shift different are observed in EF4 (residues 140, 151-152, 160) and helix 𝛼10 (residues 
168, 170-171). (B) Structure of GCAP1 mapping residues that observed chemical shift difference: 
red (> 0.8 ppm), magenta (0.5-0.8 ppm), and blue (<0.5 ppm) 21, 23. Figure adapted and previously 
published in JBC (Lim et al, 2015) DOI: 10.1074/jbc.M115.696161 
https://creativecommons.org/licenses/by/4.0/ 
 

The C-terminal helix (𝛼10) of Ca2+-free/Mg2+-bound GCAP1V77E, now termed as the Ca2+ 

switch helix, is one-half turn longer than the Ca2+ bound state (fig. 1.4.4). In particular, threonine-

171 (Thr-171 or T171) and leucine-174 (Leu-174 or L174) in the C-terminal helix observed the 

greatest change in its structural environment 53, 61. In the Ca2+-free state, T171 is solvent exposed 

and L174 is buried and partakes in a hydrophobic contact with leucine-92 (Leu-92 or L92). 



 

 12 

However, the converse is true in the Ca2+-bound state – T171 is buried and L174 is solvent exposed 

53. These subtle conformational changes induced by Ca2+ in the Ca2+-switch helix of GCAP1 

confirms the switch from activator to inactivator 53, 59. 

 

Fig. 1.4.4. Ca2+ induced conformational changes in GCAP1. (A) Ca2+-free/Mg2+-bound NMR 
structure of GCAP1V77E solved by Dr. Lim (PDB ID: 2NA0) that highlights the elongated Ca2+-
switch helix in red. (B) Ca2+ saturated X-ray crystallography structure of GCAP1solved by Dr. 
Stephen (PDB ID: 2R2I) shows the shortened Ca2+-switch helix at high Ca2+ levels 53, 59. N-
terminal myristoyl-group is represented in purple and bound Mg2+ and Ca2+ ions are colored green 
and orange, respectively. 
 

NCS proteins, such as recoverin and GCAPs, function as a dimer in physiological 

conditions 14, 42, 43, 53, 62. In addition, most dimeric NCS proteins have similar amino acid sequences 

but bind and function in different sensory signal transduction pathways (fig. 1.4.5 below).  

Recoverin, found exclusively in retinal photoreceptor cells, functions to inhibit rhodopsin kinase 

in dark-adapted conditions 13, 14, 17, 37, 40, 43. As mentioned previously, GCAPs regulate RetGC 

activity by binding to activate or inhibit when needed. In fig. 1.4.5, bovine GCAP1-2 and zebrafish 

GCAP5 are functional dimers that regulate dimeric RetGC. In particular, GCAP1 exists in two 

sensory systems with different functions: visual and olfactory 4, 16, 17, 43. In the retina, Ca2+-free 
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GCAPs bind to RetGC at low Ca2+ levels to activate the resynthesis of cGMP 6, 11, 33, 34, 36, 41, 46, 54, 

59. In contrast, Ca2+-bound GCAPs bind to RetGC at high Ca2+ levels to turn off RetGC activity in 

dark-adapted photoreceptor cells 5, 19, 23, 33, 38, 48, 49. In the olfactory sensory system, Ca2+-bound 

GCAP1 activates the surface receptor ONE-GC 32, 43.  

 

Fig. 1.4.5. Sequence alignment of functional dimeric NCS proteins. Highlighted in red are amino 
acid residues at the dimeric interface of selected NCS proteins. Swiss Protein Database accession 
numbers are P4606 (bGCAP1), 51177 (bGCAP2), Q5MAC8 (zGCAP5), and P21457 (bovine 
recoverin) 43. 
 

The Ca2+-dependent conformational changes in the tertiary structure of GCAPs are 

considered minor. However, these relatively small changes in the C-terminal helix and EF-hands 

are hypothesized to facilitate a large change in the dimer’s quaternary structure that bind to RetGC 

dimer differently 43, 53. In fig. 1.4.6 below, an illustration shows the effect of small Ca2+-induced 

tertiary structural changes in GCAP1 that facilitate larger quaternary structural changes in the 

dimer that in turn promote conformational changes in RetGC that confer Ca2+-dependent cyclase 
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activity 55.  To test this model, I will determine the structure of dimeric GCAP proteins in my thesis 

research below. 

 
Fig. 1.4.6. Ca2+-dependent regulation of RetGC mediated by GCAPs. Ca2+-free myristoylated 
GCAP1 dimer (left) is an activator at low Ca2+ and (B) Ca2+-bound myristoylated GCAP1 dimer 
is an inactivator at high Ca2+ 55. 
 
 
1.5   Role of Retinal Degeneration 3 (RD3) Protein 
 

RetGC is a critical enzyme for photoreceptors to recover from photoexcitation. In addition to 

the cyclase’s regulation by GCAPs, retinal degeneration 3 (RD3) protein can bind to RetGC to 

inhibit cyclase activity 63-65. Moreover, RD3 is a 23-kDa non-calcium binding protein found in the 



 

 15 

inner segment of photoreceptor cells and is needed for trafficking RetGC into the outer segments 

63, 66-68. Leber’s congenital amaurosis (LCA) is a rare autosomal recessive eye disorder that affects 

the retina and can cause visual impairment in infancy 67-70. It was discovered that the lack of RD3 

in LCA human patients and in the rd3 mouse strain led to severe retinal degeneration and in some 

cases, blindness 63, 66-69, 71. Peshenko et al confirmed that RD3 functions as a high-affinity inhibitor 

of RetGC at basal activity and light-activation by GCAPs in vitro 63, 67, 72. Moreover, the decrease 

in RD3 significantly lowered the RetGC concentration in photoreceptors, emphasizing the 

importance of RD3 in transporting the cyclase into the outer segment (Azadi et al., 2010; Peshenko 

et al., 2011). Thus, RD3 is critical for RetGC trafficking and suppressing basal cyclase activity for 

the survival of photoreceptor cells.  

 RetGC is first synthesized in the endoplasmic reticulum (ER) of photoreceptor’s inner 

segment before it is transported to the outer segment (see fig. 1.5.1. below). RD3 binds to RetGC 

and induces membrane curvature to allow the exit of RetGC-RD3 complex as spherical vesicles 

73. The RetGC-RD3 membrane-bound transport intermediate leaves the ER and cyclase is inhibited 

by RD3 throughout the RetGC trafficking into the outer segment to prevent photoreceptor 

impairment 63, 67, 68, 71, 73. When the RetGC-RD3 complex reaches the cilium, RetGC is dissociated 

from the vesicle via post-translational modification before it is incorporated into the disk 

membranes 73. Finally, RD3 is then returned to the ER to repeat the RetGC trafficking (fig. 1.5.1). 
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Fig. 1.5.1. Role of RD3 in RetGC trafficking and regulation. (A) Anatomy of a photoreceptor 
inner segment shows RD3 as a RetGC inhibitor and facilitates trafficking of RetGC from the 
endoplasmic reticulum to the outer segment. (B) Light-activated PDE6 causes decrease in cGMP 
that closes cGMP-gated ion channels. Light-induced drop in cGMP prevents Ca2+ influx and visual 
recovery is turned on when Ca2+-free GCAPs bind to RetGC. RD3, similar to Ca2+-bound GCAPs), 
inhibit cyclase activity.  

 
Overall, RD3 is critical as a negative regulator of RetGC cyclase activity during the 

transport to the photoreceptor’s disk membranes while suppressing RetGC basal activity and 

stimulation by GCAPs 74, 75. The absence of RD3 and/or mutations linked by RD3 can cause a 

decrease in RetGC in photoreceptor cells and result in retinal degenerative disorders 31, 41, 67, 68, 73, 

74.  

1.6   Mutations in GCAPs and RD3 Lead to Retinal Degenerative Diseases  

 RetGC1 is one of the most important enzymes involved in vertebrate phototransduction. 

Visual recovery is regulated by RetGC mediated by the Ca2+ and Mg2+ sensors GCAPs, by which 

RetGC is activated at low Ca2+ and inhibited at high Ca2+ levels. In addition, the accumulation of 

the key enzyme and survival of photoreceptors is dependent on the high affinity inhibitor RD3 
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expressed in the inner segment 65, 73, 74, 76. Hence, any mutations linked to RetGC isozymes 

(RetGC1 and RetGC2) weakens the cyclase activity and leads to retinal degenerative blinding 

disorders 67, 74, 77, 78. More specifically, it was found that R838 substitutions in the dimerization 

domain of human RetGC1 isozyme (human gene GUCY2D) is genetically linked to cone-rod 

dystrophy type 6 (CORD6), a retinal degenerative disorder causing early-onset loss of 

photoreceptor cells 74, 79. Substitutions of R838 was discovered to induce changes in Ca2+ 

sensitivity of RetGC as structural changes in the dimerization domain, the binding interface for 

GCAPs, by reducing their binding affinity and overall resulting in the photoreceptor deterioration 

55, 56, 74, 79. Thus, research efforts on determining the three-dimensional structures of GCAPs, RD3, 

and RetGC are critical to understand the structure-function relationship and provide information 

for developing new drugs targeting retinal degenerative disorders.  

 Additionally, mutations found in the Ca2+ and Mg2+ sensing GCAP proteins can also affect 

the survival of vertebrate photoreceptors 41, 51, 54, 56. Mutations in Y99, N104, I143, L151, and E155 

of EF3-4 of GCAP1 are genetically linked to autosome dominant cone-rod dystrophy 6, 30, 69, 72, 80-

83. Substitutions in these specified critical residues weakens and/or disables the EF-hand binding 

loop responsible for coordinating Ca2+ ions. Consequently, the changes induced in the coordination 

of Ca2+ causes less sensitivity in GCAP1 to inhibit RetGC even at high Ca2+ levels 38, 84. GCAP1 

loses its full ability to inhibit the cyclase at high Ca2+ levels and allows RetGC to continue 

catalyzing the re-synthesis of cGMP in dark-adapted photoreceptors 7, 8, 14, 48, 84, 85. As a result, the 

cGMP-gated ion channels remain and allow influx of Ca2+ that can turn on apoptosis and 

photoreceptor death. Hence, it is important to determine the structure of GCAPs and utilize the 

structural data to understand the structure-function relationship that can provide clues on the 

molecular mechanisms of mutations linked to blinding disorders.  
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As mentioned, RD3 has two important functions in photoreceptor regulation: (1) a high affinity 

inhibitor of RetGC to suppress cyclase activity and light-stimulation by GCAPs, and (2) facilitates 

RetGC trafficking from inner to the outer segment of photoreceptors 63, 64, 66. Indeed, a nonsense 

mutation that causes the absence of RD3 is associated to severe retinal degenerative disorders such 

as Leber’s congenital amaurosis type 12 (LCA-12) 71, 86. Thus, research efforts on determining the 

three-dimensional structures of GCAPs, RD3, and RetGC are critical to understand the structure-

function relationship and to provide information for developing new drugs targeting retinal 

degenerative disorders. 

1.7   PURPOSE OF STUDY 

My thesis research primarily involved doing structural analysis of RD3 and GCAP5.  My first 

project was to develop a protocol for the preparation of the RD3 protein for Nuclear Magnetic 

Resonance (NMR) structural studies. Previous attempts to prepare a soluble full-length RD3 were 

unsuccessful due to sample aggregation that prevented its structural analysis by X-ray 

crystallography and/or NMR. In chapter 2, I will describe an elaborate protocol for the protein 

expression, refolding, and purification of RD3 for NMR structural analysis. My development of 

the sample preparation protocol was essential for the NMR structure determination and proved to 

be a significant effort. In chapter 3, I present my structural analysis of dimeric GCAP5 by NMR 

and Electron Paramagnetic Resonance Double Electron-Electron Resonance (EPR-DEER). These 

NMR and EPR-DEER studies will probe hot spot residues at the dimeric interface that may be 

associated to genetically linked retinal degenerative diseases. Additionally, this structural 

information will allow better understanding of the functional contacts in the RetGC-GCAP5 

complex and provide insights for drug discovery and development to aid in treating retinal 

degenerative diseases. 
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_____________________________________________________________________________ 

 

Chapter 2  
 
 
 
 
 

NMR Structural Studies of retinal degeneration protein-3 (RD3) 
 
 
 
 
 
 
 

2.1   Introduction 
 
Cyclic guanosine monophosphate (cGMP) is a key second messenger in the visual sensory 

system that functions as a gatekeeper to the cGMP-gated (CNG) ion channels along the plasma 

membrane of photoreceptor cells 87. The absorption of light in the retina triggers a 

phototransduction cascade, followed by the activation of phosphodiesterase (PDE6) 10. PDE6 is 

an important enzyme in visual excitation as it catalyzes the hydrolysis of second messenger cGMP 

to guanosine monophosphate (GMP); thus, the reduction of cGMP results in the closure of CNG 

channels, which blocks the entry and Na+ and Ca2+, causes membrane hyperpolarization, and 

generates a neural signal 2-4, 87.  

To recover from visual excitation (when the light stimulus is removed), retinal membrane 

guanylyl cyclase (RetGC) is turned on to replenish cGMP that is needed for the re-opening of the 

CNG channels. RetGC is an important enzyme for the visual recovery phase of light-activated 

photoreceptors as it catalyzes the resynthesis of cGMP from cytosolic guanosine triphosphate 
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(GTP) by binding to calcium-binding proteins called guanylyl cyclase activating proteins (GCAPs) 

6, 34-36.  

 
Fig. 2.1.1. Regulation of RetGC by GCAPs and RD3. cGMP is replenished at RetGC 
basal activity (left). When RetGC is activated by GCAPs as a light-stimulated activator at 
low Ca2+ concentration (center), cGMP levels are amplified. In the presence of GCAPs, 
RetGC is inactive when RD3 binds as a high affinity inhibitor (right).  
 

RetGC is activated when it binds to Mg2+-bound GCAPs at low Ca2+ and is inhibited when 

it binds to either Ca2+-bound GCAPs or the RD3 protein (fig. 2.1.1) 11, 18, 40, 46. In essence, Ca2+-

free GCAP proteins bind to and activates RetGC at high light levels and Ca2+-bound GCAPs and/or 

RD3 binds and inactivates RetGC in the dark.  The GCAPs and RD3 compete for binding to the 

same site in RetGC 63. Thus, regulation of RetGC mediated by GCAPs and RD3 is essential for 

the survival of photoreceptor cells. Mutations genetically linked to RetGC, GCAPs, or RD3 can 

cause visual impairment and is associated with retinal degenerative diseases such as rod-cone 

dystrophy and Leber’s congenital amaurosis type 1 (LCA-1) 12, 70, 76.  
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 The role of RetGC is imperative to the regulation of visual recovery in light-excited 

photoreceptor cells. Before RetGC is integrated in the outer segment, RetGC is first synthesized 

in the inner segment before it is trafficked into the disk membranes of the photoreceptor cells 63, 

64, 66, 67, 71. More specifically, RetGC is produced in the endoplasmic reticulum (ER) as a membrane 

bound protein. When RD3 binds to the cyclase, the RetGC-RD3 complex causes a physical 

bending of the membrane that allows the membrane-bound intermediate to bud out and exit the 

ER 63, 64, 66, 67. When the RetGC-RD3 membrane-bound transport intermediates leave the ER, RD3 

initiates the trafficking of RetGC into the outer segment while suppressing its catalytic activity 63, 

64, 66-68, 71. RetGC-RD3 is transported through the Golgi before RetGC dissociates from the small 

vesicle and passes through the cilium 63, 67, 71. Fig. 1.5.1 shows RetGC being incorporated into the 

disk membranes and thus, trafficking facilitated by RD3 is essential for accumulation of RetGC in 

the outer segment of photoreceptor cells. Thus, mutations in RetGC isozymes and/or RD3 that 

disrupt RetGC binding to RD3 will increase the residual cyclase activity (because RD3 binding 

inhibits the cyclase) that will in turn increase the basal concentration of cGMP and therefore 

promote apoptosis and diminish the integrity of photoreceptors 63, 64, 66-68, 71, 73. 

Since the discovery of RD3, the low abundance of the native protein in photoreceptors 

posed as a major challenge for doing structural analysis. Additionally, recombinant full-length 

RD3 had the tendency of aggregation and precipitation when expressed in bacterial cells 73, 74, 86. 

The low abundance and solubility challenges of the native full-length RD3 made it difficult to 

prepare purified samples that were sufficient for NMR and/or X-ray crystallography studies 67, 75. 

In this chapter, I will discuss my development of a detailed protocol for doing protein expression 

and purification of a functional truncated RD3 for NMR structural analysis. This deletion construct 

(18-161, RD3-d) was observed to be functional and soluble enough for NMR structural studies, 
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which was essential for solving the three-dimensional structure. The three-dimensional structure 

of RD3 provides insights in understanding RetGC-RD3 binding interactions, RD3 trafficking 

mechanism, and drug development for mutations linked to retinal degenerative disorders.  

 
2.2 Materials and Methods 

  
Optimized overexpression of RD3-d construct 

Initial attempts to express and isolate full-length human RD3 caused aggregation and 

precipitation in bacterial cells, by which sample conditions were not amenable for NMR structural 

studies. To overcome the obstacle, Dr. Alexander M. Dizhoor (Salus University, PA, USA) created 

a deletion construct (residues 18-160, called RD3-d) by PCR amplification using Phusion Flash 

polymerase and subcloned into pET11d vector to produce recombinant soluble RD3-d exclusive 

of any affinity tags 74. Uniformly 15N-labeled and 13C, 15N-labeled samples of RD3-d were 

expressed in BL21(DE3)CodonPlus E. coli strain and purified from inclusion bodies 75, 86. 

A frozen stock of RD3-D is inoculated in a 20 mL Luria broth (LB) with a final 

concentration of 100 µg/mL ampicillin (100 mg/mL stock) and was grown for 3-4 hours in a 37°C, 

200 rpm shaking incubator before it is inoculated in a 1L M9 minimal media until A600 0.6. Protein 

expression was induced by adding a final concentration of 1 mM isopropyl-b-D-1-

thiogalactopyranoside for 4 hours. The bacterial cell pellet was harvested by centrifugation at 

6,000 rpm for 20 minutes (Thermo Scientific fixed angle rotor F9-4x1000y) at 4°C and stored in -

80°C overnight 74. 

Isolation of folded RD3-d by urea extraction 

The bacterial cell pellet was resuspended in 25 mL lysis buffer termed TEM buffer 

consisting of 10 mM Tris-HCl (pH 8.3), 0.5 mM EDTA, 14 mM 2-mercaptoethanol (BME). The 

RD3-d lysate was then sonicated on ice for 2 min (output = 3 with 2 min cooling interval) and 



 

 23 

repeated twice. The inclusion bodies from the lysed cells were isolated by centrifugation at 22,000 

x g for 20 min at 4°C in (Sorvall fixed angle rotor SS-34). After initial pre-extraction, the 

sonication and centrifugation were repeated once for washing. The washed pellet comprising of 

inclusion bodies was resuspended in 12 mL of 10 mM Tris-HCl (pH 7.5), 2 mM EDTA, 14 mM 

2-mercaptoethanol (BME), and 8 M urea for urea extraction. This was gently stirred for 35 min at 

4°C and then centrifuged at 22,000 x g for 10 min at 4°C. The supernatant consisting of soluble 

RD3-d was dialyzed against 1 L of 10 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, and 14 mM BME 

for 3-4 h without stirring and then overnight against fresh 1 L of the same buffer with stirring at 

4°C. Dialyzed protein was centrifuged at 22,000 x g for 20 min at 4°C.  

Purification of RD3-d by Fast Protein Liquid Chromatography (FLPC) 

A final concentration of 1M NaCl and 5 mM DTT was added to RD3-d before FPLC 

protein purification. RD3-d was purified by hydrophobic interaction Octyl-Sepharose, anion 

exchange (HiTrap Q HP, GE Healthcare), and size exclusion Superdex-200 column 

chromatography. RD3-d was purified to be more than 95% pure analyzed by SDS-PAGE. 

NMR Spectroscopy 

Uniformly 15N-labeled and 13C, 15N-labeled samples of RD3-D were exchanged into an NMR 

buffer comprising of 5 mM Tris-d11 (pH 7.4), 3 mM dithiothreitol-d10 (DTT-d10), 50 µM 

ethylenediaminetetraacetic acid-d12 (EDTA-d12), 0.04% w/v NaN3, and 93% H2O/7% D2O and had 

a final concentration between 0.5 – 0.9 mM. All NMR experiments were performed at 23°C on a 

Bruker Avance 600 MHz spectrometer with a four channel interface and triple resonance cryogenic 

(TCI) probe 86. Assignments of backbone resonances were acquired by performing and analyzing 

the following two- and three-dimensional spectra: HNCA, HNCACB, CBCA(CO)NG, and HNCO 

88. In addition, assignments of sidechain resonances that assist in three-dimensional structural 
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elucidation were obtained from the following spectra analysis: HCCH-TOCSY, CCCONH, 

HCCCONH, 13C-edited NOESY, 15N-edited NOESY and TOCSY, and CT-HSQC 86. NMR 

spectra were processed using NMRPipe and probed using Sparky NMRFAM software 86, 89, 90. 

NMR backbone assignments were initially acquired by Dr. Sunghyuk Lim and later the three-

dimensional structure was solved by Dr. Qinhong Yu 75, 86.  

 
2.3 Results and Discussion 

 
Solving the three-dimensional atomic-level structure of the RD3 protein faced two major 

challenges: (1) low expression of soluble recombinant protein in bacteria and (2) large tendency 

of protein aggregation and precipitation that prevented the formation of concentrated protein 

samples (10 mg/mL) needed for structural analysis 75, 86. Before I joined the lab, Dr. Sunghyuk 

Lim in the Ames lab made initial attempts to express full-length RD3 in bacteria and to purify the 

recombinant protein for NMR structural analysis. However, samples of the full-length recombinant 

protein were low-yielding due to protein aggregation and NMR resonances were severely 

broadened, perhaps caused by protein self-association.  When I joined the lab in 2017, our 

collaborator, Dr. Sasha Dizhoor suggested that the first 18 residues from the N-terminus and the 

last 28 residues at the C-terminus in RD3 contained many small amino acids that usually form a 

random coil. Dr. Dizhoor surmised that these residues in RD3 were likely unstructured and might 

contribute to the sample heterogeneity suggested by the broad NMR signals. Therefore, Dr. 

Dizhoor prepared a truncated deletion construct of RD3 (residues 18-160, called RD3-d) and he 

verified that RD3-d remained functionally intact 74.  The functional assay required recombinant 

RetGC1 expressed in HEK293 cells and recombinant GCAP1 expressed in E. coli 74. The addition 

of RD3-d preserved its function as a high affinity inhibitor to RetGC in the presence of GCAPs in 

vitro 75.  
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When expressing the recombinant RD3-d in bacteria, the recombinant RD3-d protein 

expression was more than 5-fold greater than that of full-length RD3.  However, the expressed 

RD3-d protein was now found exclusively in the insoluble fraction of the bacterial lysate, known 

as inclusion bodies.  My first assignment when I first joined the lab in 2017 was to develop a 

purification strategy for the RD3-d variant protein from inclusion bodies. I found that the RD3-d 

inclusion bodies could be effectively solubilized using 8 M urea; however, when dialyzing the urea 

solubilized RD3-d against PBS buffer under physiological conditions, more than 90% of the 

refolded RD3-d protein precipitated in the presence of 0.15 M KCl. Surprisingly, if I removed all 

the salt (NaCl and KCl) from the refolding buffer (TEM buffer), the dialysis of the urea solubilized 

RD3-d resulted in the striking formation of a soluble form of the refolded RD3-d protein that did 

not precipitate during the dialysis against TEM buffer.  The refolded and solubilized RD3-d 

prepared in this way could then be purified as described below.  These purified RD3-d samples 

were shown to bind functionally to RetGC and inhibit cyclase activity just like the wild-type 

protein75. These purified RD3-d samples could be concentrated to more than 10 mg/mL without 

aggregating and were therefore now suitable for structural analysis by NMR. Moreover, the size 

exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) analysis 

determined that RD3-d forms a stable monomer in solution (17 ± 1 kDa) (fig. 2.3.1) 75. A detailed 

protocol that I developed for preparing isotopically labeled RD3-d samples for NMR is described 

below. 
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Fig. 2.3.1. SEC-MALS analysis. The absolute molar mass of RD3-d reported to be 17 ± 1 kDa 
and is independent of the shape. The 17 kDa molar mass was determined by the Zimm plot of the 
observed light scattering with a refractive index dn/dc 0.185 of l/g 75. Figure previously published 
in JBC (Peshenko, Yu et al, 2019) DOI: https://doi.org/10.1074/jbc.RA118.006106  
https://creativecommons.org/licenses/by/4.0/ 

 
 

Uniformly 15N-labeled and 13C, 15N-labeled samples of RD3-d for NMR studies were 

expressed in E. coli using minimal M9 media 74, 75, 86. RD3-d was exclusive of affinity tags and 

purified from inclusion bodies 74, 75, 86. Protein expression was induced by IPTG for 4 hours at 

25°C before cells were harvested by centrifugation. Resuspended cells were lysed with RD3 lysis 

buffer (as previously described in 2.2 methods and materials) and by sonication. After initial 

centrifugation, lysis and sonication was repeated once again before 8 M urea extraction. The pellet 

containing insoluble and misfolded RD3-d was resuspended in 8 M urea to unfold and increase its 

solubility 74, 75, 86. Unstructured RD3-d becomes was now more soluble and protein folding was 

initiated by dialysis against 1 L of TEM buffer in the absence of 8 M urea over 24 hours. Folded 
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RD3-d was centrifuged and final concentrations of 1M NaCl and 5 mM DTT was added before 

purification by FPLC. 

 First, the soluble fraction of RD3-d from the refolding step above was loaded onto a 

hydrophobic interaction column (HIC) using a high salt loading buffer A (20 mM Tris-HCl (pH 

8.0), 1M NaCl) and then protein was eluted with a gradient from buffer A to elution buffer B (20 

mM Tris-HCl (pH 8.0) over 50 minutes at a flow rate of 2.0 mL/min. Hydrophobic columns with 

varying lengths of immobilized straight chain alkyl ligands were tested to determine the column 

efficiency and its ability to fractionate a greater amount of protein for further purification. The 16-

kDa truncated RD3-d was successfully purified by using an octyl-sepharose hydrophobic 

interaction column as monitored by SDS-PAGE analysis (fig. 2.3.2).  

 

  
 
 

 
Fig. 2.3.2. Hydrophobic interaction column. Chromatogram of RD3-d using an octyl-sepharose 
column. RD3-d was loaded onto the column with high salt and eluted at low salt. Fractions #1-9 
were analyzed by SDS-PAGE to confirm the presence of the 16-kDa RD3-d. 
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SDS-PAGE analysis of the collected fractions confirmed the presence of 16-kDa protein 

and higher molecular weight impurities. To resolve this issue, fractions #5-15 were pooled and 

diluted five-fold with MQ-H2O before loading onto a Q anion exchange column. Because the 

elution of RD3-d had trace amounts of salt in the collected fractions, dilution was necessary to 

lower the ionic strength and avoid losing protein in the flowthrough waste. The Q-sepharose anion 

exchange column contains positively charged resins that allow ionic interactions between 

negatively charged species. Diluted RD3-d is loaded to the column with a salt-free loading buffer 

C (20 mM Tris-HCl (pH 8.0), 1 mM DTT) and eluted with a gradient from buffer C to a high salt 

elution buffer D (20 mM Tris-HCl (pH 8.0), 0.5 M NaCl, 1 mM DTT) over 60 minutes at flow 

rate of 2.0 mL/min. As shown in the chromatogram and SDS-PAGE gel (fig. 2.3.3), the higher 

molecular weight impurities were no longer detected. Thus, the second purification increased the 

purity of RD3-d needed for NMR structural analysis.  
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Fig. 2.3.3. Q-sepharose anion exchange chromatogram. Diluted fractions of RD3-d from HIC 
was loaded onto the column with the absence of salt and eluted at high salt. Fractions #9-11 were 
analyzed by SDS-PAGE to confirm the presence of the 16-kDa RD3-d. 
 

The second purification was necessary, as shown in fig. 2.3.3, as fractions consisting of 

RD3-d observed less impurities present. Fraction #12 of the anion exchange chromatogram 

displayed a trace amount of higher molecular weight impurities that is unfavorable for structural 

studies. Hence, a final size exclusion chromatography purification was essential to acquire a highly 

purified sample for NMR. 

 The final size exclusion chromatography eluted RD3-d as a resolved peak (fig. 2.3.4) and 

the SDS-PAGE gel analysis confirmed the purity of the sample. Fractions #42-48 showed a 16-

kDa band, indicative of RD3-d, and were pooled for NMR sample preparation. The pooled 

fractions were exchanged in a deuterated NMR buffer and then concentrated to 0.5 – 0.9 mM using 

an Amicon ultra-15 centrifugal filter unit with a 3-kDa molecular cut off.  
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Fig. 2.3.4. Final size exclusion chromatography of RD3-d. Chromatogram shows well-resolved 
peak eluted from fractions #42-48 and SDS-PAGE gel confirmed high purity of sample with no 
impurities detected. 
 

Another SDS-PAGE gel analysis that documents the progression of RD3-d protein 

expression and purification is shown in fig. 2.3.5. In fig. 2.3.5, aliquot samples of the initial lysate, 

supernatant, urea-solubilized unfolded protein, dialyzed refolded protein, HIC, Q, and SEC 

fractions illustrates the purification of the 16-kDa protein. The two lysis steps and urea 

solubilization (as mentioned in 2.2 Materials and Methods) was crucial for isolating soluble RD3-

d from most of the impurities detected (see fig. 2.3.5.) before it was refolded for further protein 

purification. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig. 2.3.5. SDS-PAGE gel profile of RD3-d expression and purification. LS is initial lysate 
after first sonication, S is supernatant of second lysis/wash, U is urea-solubilized unfolded RD3-
d, R is soluble refolded RD3-d, HIC is pooled fractions #5-8 from hydrophobic interaction column, 
Q is pooled fractions #9-11 from anion exchange, and SEC is pooled fractions #43-46 from size 
exclusion. 
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The isotopically labeled, highly purified, and concentrated RD3-d protein samples 

prepared by me were then analyzed by NMR.  A two-dimensional 1H-15N heteronuclear single 

quantum correlation (HSQC) spectrum of 15N-labeled RD3-d is shown in Fig. 2.3.6. The 1H-15N 

HSQC NMR spectrum of RD3-d revealed the truncated variant was stably folded due to uniform 

intensities and well-dispersed peaks. Therefore, the high quality of the HSQC spectrum of RD3-d 

demonstrated the feasibility of determining the atomic-resolution NMR structure of RD3-d.  

Detailed assignments of backbone and sidechain NMR resonances of RD3-d (Fig. 2.3.6) were 

obtained by Dr. Sunghyuk Lim, and the three-dimensional NMR structure of RD3-d was solved 

by Dr. Qinhong Yu 75, 88. 

 

Fig. 2.3.6. Two-dimensional 1H-15N Heteronuclear Single Quantum Correlation (HSQC) 
NMR spectrum. Well-dispersed peaks and backbone N-H amide assignments labeled. The inset 
is an expanded view of the spectrally crowded region in the center86. Figure modified from (Lim 
et al, 2017) 86. 
 

More than 86% of the backbone resonances (1HN, 15N, 13Ca, 13Cb, and 13CO) and 

sidechain methyl-resonances were assigned, and the assigned chemical shifts were used to 
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calculate the secondary structure of RD3-d by TALOS+ 86, 91. Based on the secondary structure 

calculation, RD3-d is comprised of a four-helix bundle comprising of two helical hairpins in 

parallel (fig. 2.3.7A/B) 75, 86.  

On the basis of the NMR resonance assignments of RD3-d (BMRB 27305), the three-

dimensional NMR structure of RD3-d was calculated based on distance restraints derived from the 

analysis of NOESY spectra and long-range orientational restraints derived from residual dipolar 

coupling data as described75. The NMR-derived structure of RD3-d was resolved for 141 amino 

acids, starting at Arg19 and ending at Asp160. The last 20 residues at the C terminus (Arg140–

Asp160) are unstructured and dynamically disordered. The 10 lowest-energy NMR structures are 

overlaid in Fig. 2.3.7A. The overall precision of the NMR ensemble is expressed by a root-mean-

square deviation (RMSD) of 0.55 Å calculated from the coordinates of the main-chain atoms. The 

quality of the NMR structures was assessed using PROCHECK-NMR (25), which shows that 

96.8% of the residues occur in the allowed or favorable regions from the Ramachandran plot.  

RD3-d forms an elongated overall structure (70 Å long by 30 Å wide) with a four-helix bundle 

(helix α1, Pro21–Val51; helix α2, Pro75–Lys87; helix α3, Pro90–Gln107; and helix α4, Val111–

Thr139) shown in Fig. 2.3.7A. Helices α1 and α2 are connected by a long unstructured loop 

(residues Arg52–Ser74). Helices α1 and α4 are each quite long (27 Å) and interact with one another 

in an anti-parallel fashion that gives rise to a very long end-to-end distance in the structure. The 

elongated shape of the RD3-d NMR structure can explain the unusually large radius of gyration 

observed for RD3 by size exclusion chromatography 75. 
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Fig. 2.3.7. NMR structure of RD3-d solved by Dr. Qinhong Yu. (A) Ensemble of 10 lowest 
energy NMR structures of RD3-d (PDB: 6DRF) solved by Dr. Qinhong Yu. (B) An expansion 
view of the energized-minimized average structure, highlighting the crucial long-range NOEs that 
display the hydrophobic interactions within helices responsible for the formation of the four-helix 
bundle (L29, L33, L81, F100, V114, F118, L122) 75. Figure previously published in JBC 
(Peshenko, Yu et al, 2019) DOI: https://doi.org/10.1074/jbc.RA118.006106  
https://creativecommons.org/licenses/by/4.0/ 
 

Before the NMR structure of RD3-d was known, Peshenko et al suggested a potential 

RetGC-RD3 binding interface located between RD3 residues Lys87 – Leu122 74. These RetGC-

sensitive residues in RD3 are in discontinuous stretches throughout the amino acid sequence but 

are spatially close to one another near the center of the NMR structure (highlighted red in Fig. 

2.3.8). RD3 residues at each end of the elongated NMR structure (highlighted blue in Fig. 2.3.8) 

are not essential for the RetGC inhibitory binding 75. Many of the residues affecting RetGC 

regulation are solvent-exposed (see His89, Cys93, Pro95, Ile97, Arg99, Arg101, Gln102, and 

Ser120 in Fig. 2.3.8), consistent with these residues being able to make direct contact with RetGC. 

By contrast, a few of the RetGC-sensitive residues are buried in the hydrophobic core (Ile88, 

Ala96, Phe100, and Leu122), suggesting that these residues are inaccessible and must not make 
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any regulatory contact with RetGC. Future studies are needed to pinpoint and map all the residues 

on the surface of RD3 that are clustered to form a binding site for RetGC. 

 

Fig. 2.3.8. RetGC interface maps to the central region of RD3-d.  Rd3-d residues (His89, 
Cys93, Pro95, Ile97, Arg99, Arg101, Gln102, and Ser120) that inhibit RD3 binding to RetGC 
(red) and those that have no inhibitory effect on cyclase binding (blue)75. Figure previously 
published in JBC (Peshenko, Yu et al, 2019) DOI: https://doi.org/10.1074/jbc.RA118.006106  
https://creativecommons.org/licenses/by/4.0/ 
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Chapter 3 
 
 
 

NMR and EPR-DEER derived structure of dimeric guanylyl cyclase 
activating protein-5 (GCAP5)  

 
 
 
 
 
 
 
 

3.1   Introduction 
 

 The visual recovery phase of phototransduction in vertebrate photoreceptors is triggered 

by the light-induced reduction of second messenger, cGMP that initiates the closure of the cGMP-

gated ion channels in light-stimulated photoreceptors. Upon illumination, a key enzyme called 

PDE6 catalyzes the hydrolysis of cGMP and prevents Ca2+ ions from entering into the cells while 

preserving the outflow of Ca2+ by the Na+/Ca2+, K+ exchanger 10, 52. Consequently, the light-

induced decrease in cytosolic Ca2+ levels are responsible for the Ca2+-sensitive regulation of the 

key enzyme RetGC by GCAPs 11, 44, 48, 49, 92. In light-stimulated photoreceptors, Ca2+-free/Mg2+-

bound GCAPs bind to RetGC at low Ca2+ levels to activate cyclase activity that replenishes cGMP 

levels required to re-open the ion channels 40, 44. In contrast, Ca2+-bound/Mg2+-free GCAPs bind 

to RetGC at high Ca2+ levels to turn off the cGMP resynthesis in dark-adapted photoreceptors 41, 

72. Mammalian GCAP1 and GCAP2 were previously shown to bind to RetGC isozymes (RetGC1 

and RetGC2) and undergo Ca2+-sensitive conformational changes that allow the reversible switch 

from activator to inhibitor state 1, 14, 22, 23, 33, 34, 38, 48. 
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The X-ray crystal structure of Ca2+-bound chicken GCAP1 and the NMR solution structure 

of Ca2+-free/Mg2+-bound bovine GCAP1 mutant V77E have been previously determined and 

distinguished a critical structural difference that may be responsible for the Ca2+-dependent 

regulation of RetGC 53, 59. The Ca2+-sensitive lengthening of the C-terminal helix (a10) in bovine 

GCAP1, denoted as the Ca2+-switch helix, at low Ca2+ levels is proposed to trigger RetGC 

activation upon illumination 53. Thus, Ca2+-dependent conformational changes in GCAPs are 

critical for RetGC regulation in visual phototransduction.  

Additionally, the GCAP proteins contain a covalently attached N-terminal myristoyl group 

like that observed in recoverin, frequenin and other Ca2+-myristoyl switch proteins that belong to 

the neuronal calcium sensor (NCS) superfamily 9, 43. Surprisingly, unlike most NCS proteins, the 

GCAPs do NOT possess a functional Ca2+-myristoyl switch, and the GCAPs do not exhibit Ca2+-

dependent binding to membranes like what is found for the other NCS proteins 43, 52. A point 

mutation (D3N) in mammalian and zebrafish GCAP5 was used in this study to enhance the amount 

of N-terminal myristoylation catalyzed by the yeast (S. cerevisiae)	N-myristoyltransferase (NMT) 

that was used for the recombinant expression of myristoylated forms of GCAPs in BL21 E. coli 

cells 52.  

 Recently, six GCAP homologs (zGCAP1-5, 7) were identified in zebrafish photoreceptors 

that may differ in Ca2+-binding properties and Ca2+-sensitive regulation of RetGC compared to 

GCAPs in mammals88, 93-96. Interestingly, zGCAP5 is the only homolog that contains two non-

conserved cysteine residues (Cys15 and Cys17) that could chelate biologically active transition 

metals, like Fe2+ and Zn2+, and zGCAP5 may have a different function in zebrafish 
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photoreceptors88. 

 

Fig. 3.1.1. Sequence alignment of zebrafish GCAPs. zGCAPs are 23-kDa proteins expressed in 
photoreceptor cells and undergo Ca2+-dependent conformational changes. All GCAPs contain 4 
EF-hands highlighted in green, red, cyan, and yellow. Nonconserved cysteine residues (Cys15 and 
Cys17) in GCAP5 are bolded in red. EF1 is not a functional EF-hand while EF2-4 can bind to Ca2+ 
and Mg2+ ions. Swiss Protein Database accession numbers for zGCAP1-5 are Q90WX4, Q90WX3, 
Q8UUX9, Q6ZM98, AND Q5MAC8, respectively 88. Figure previously published from (Lim et 
al, 2017) DOI:10.1021/acs.biochem.7b01029. 

Iron binding proteins can adapt to form iron-sulfur (Fe-S) clusters and exist as biological 

sensors with functional diversity 88, 97. Ferrodoxin (PDB ID: 5AUI) and rubredoxin (PDB ID: 

1FHM) are two iron-sulfur containing proteins that functions as an electron transport protein with 

different Fe:S stoichiometry 88, 90, 97, 98. Interestingly, two cysteine residues in zGCAP5 (Cys15 and 

Cys17) are in close enough proximity to chelate a ferrous ion (Fe2+) and adapt to a Fe1S0 

stoichiometry, like rubredoxin, to form a Fe2+-bound dimer. The increase in Fe2+ levels in the retina 

has been associated with age-related macular degeneration (AMD), a permanent blinding disorder 
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observed in human patients over 50 99. Analogous to the well-known Ca2+ dependent regulation of 

mammalian RetGC mediated by GCAPs, the presence of Fe2+ and zGCAP5 may function as a 

potential redox sensor in zebrafish phototransduction 88. 

Currently, atomic resolution structures are known for the Ca2+-bound forms of GCAP1 and 

GCAP3, and Ca2+-free/Mg2+-bound GCAP1 V77E mutant 53. In this chapter, I report an NMR and 

EPR-DEER derived atomic-level structure of the Ca2+-free/Mg2+bound GCAP5 dimer, which is 

the first structure of a GCAP protein in a native activator state. I will discuss a potential function 

of the Fe2+-bound GCAP5 dimer in zebrafish photoreceptor regulation and present the structure of 

Fe2+-free/Mg2+-bound GCAP5 dimer calculated by a protein-protein docking webserver called 

High Ambiguity Driven protein-protein Docking (HADDOCK) 43, 55, 62. Portions of this chapter 

are adapted with permission from Lim, S.; Scholten, A.; Manchala G.; Cudia, D.; Zlomke-Sell, 

SK.; Koch, KW.; Ames, JB. Biochemistry vol. 56,51 (2017): 6652-6661. Copyright 2017 

American Chemical Society. DOI:10.1021/acs.biochem.7b01029 

 

3.2   Materials and Methods 
 
Cloning and Site-directed Mutagenesis of zebrafish GCAP5 (zGCAP5) 

Recombinant myristoylated GCAP5D3N WT (henceforth termed as GCAP5, residues 2 - 

198) was amplified by PCR and subcloned into pET21 vector to produce soluble GCAP5 exclusive 

of any affinity tags 52, 88, 94, 96, 100, 101. A D3N point mutation in GCAP5 was required for a consensus 

sequence for yeast (S. cerevisiae)	N-myristoyl CoA transferase (NMT) that was used to catalyze 

the covalent attachment of myristic acid to the N-terminus of GCAP5 52, 88, 94, 96, 100, 101. The D3N 

mutation has no effect on the physiological function of GCAPs 34. Cloning of all mutants were 

prepared as described previously, designing primers with point mutations of interest for every 
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mutant: C15A/C17A, cysless-GCAP5 (hereafter called GCAP5CL), all single native and non-native 

cys GCAP5CL, H18E, H18E/Y21E, R22D, M25E, D71E, F72E, V76E, and W93E 52, 88, 94, 96, 100, 

101. 

Overexpression of Myristoylated GCAP5 and Mutants 

Recombinant myristoylated GCAP5 was prepared by a co-expression of the GCAP5D3N 

and yeast NMT in BL21(DE3) E. coli strain 52, 88, 100, 101. A frozen stock of GCAP5D3N was 

inoculated in a 20 mL Luria broth (LB) with final concentrations of 100 µg/mL ampicillin (100 

mg/mL stock) and 50 µg/mL kanamycin (50 mg/mL stock) and grown for 3-4 hours in a 37°C, 

200 rpm shaking incubator before it was inoculated in a 1L M9 minimal media until A600 reached 

0.7. A final concentration of 10 mg/mL myristic acid in ethanol (10 mg/mL concentrated stock) 

was added. Protein expression was then induced at A600 0.7 by adding a final concentration of 1 

mM isopropyl-b-D-1-thiogalactopyranoside for 5 hours. The bacterial cell pellet was harvested by 

centrifugation at 6,000 rpm for 20 minutes (Thermo Scientific fixed angle rotor F9-4x1000y) at 

4°C and stored in -80°C overnight. GCAP5 mutants were overexpressed in the same manner as 

described 88, 100. 

Purification of GCAP5 by Fast Protein Liquid Chromatography (FPLC) 

Myristoylated GCAP5 (and GCAP5 mutants) bacterial cell pellet was resuspended in 25 

mL lysis buffer consisting of 20 mM Tris-HCl (pH 8.3), 2 mM ethylene glycol-bis(b-aminoethyl 

ether)-N,N,N’,N’-tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT), 0.1 M KCl, 10% glycerol 

and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). The bacterial lysate was then sonicated on 

ice for 2 min (output = 3 with 2 min cooling interval) and repeated until it is no longer viscous. 

The soluble protein was isolated from debris by ultracentrifugation at 35K rpm for 1.5 h at 4°C in 

a fixed T1250 rotor. A final concentration of 0.35 M ammonium sulfate was added to GCAP5 to 



 

 40 

increase solubility before FPLC protein purification. GCAP5 was purified by hydrophobic 

interaction Butyl-Sepharose, anion exchange (HiTrap Q HP, GE Healthcare), and size exclusion 

Superdex-200 column chromatography as described previously 88, 100, 101. Myristoylated GCAP5 

was purified to be more than 95% pure analyzed by SDS-PAGE 88, 100, 101. Finally, the regulation 

of RetGC by zGCAP5 (and zGCAP5C15A/C17A) in the presence of 100 μM Fe2+ was recorded by in 

vitro guanylate cyclase (GC) assays, as described previously, by collaborator Dr. Karl-W. Koch 

(University of Oldenburg, Oldenburg, Germany) 88. 

Analytical Size Exclusion Chromatography (SEC) 

The molar mass of purified zGCAP5 WT was initially measured by using an analytical 

SEC (Superdex 200 HR 10/30, GE Healthcare) 18, 88.  Experiments were performed at 4°C and 

SEC column was pre-equilibrated with buffer consisting of 30 mM MES (pH 6.5), 5 mM citrate 

(for Fe2+ studies) , and 100 mM NaCl 88. 100 µL samples of GCAP5 WT and GCAP5C15A/C17A in 

the presence of Mg2+ (5 mM) or Fe2+ (1 mM) were concentrated to 200 µM before being manually 

loaded onto the column with an elution flow rate of 0.5 mL/min 88. Then, the apparent molar mass 

of GCAP5 samples were calculated based on a standard curve of elution volume (Ve)/void volume 

(V0) versus the calculated log of known molecular weights of the following protein standards (Fig. 

3.3.4): cytochrome C (12 kDa), carbonic anhydrase (29.2 kDa), albumin (66.5 kDa), and alcohol 

dehydrogenase (82 kDa) 88, 101. 

Isothermal Titration Calorimetry (ITC) 

ITC experiments were performed using a MicroCal VP-ITC microcalorimeter to measure 

binding of Fe2+ to metal-free samples of GCAP5 WT and GCAP5C15A/C17A 88. First, purified protein 

samples were treated with 5 mM EGTA to chelate Ca2+ contaminants. The removal of excess 

EGTA was done by dialysis, exchanging decalcified protein samples in ITC titration buffer 
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containing 30 mM MES (pH 6.5), 100 mM NaCl, and 1 mM BME.  Fe2+ titrant consisted of 2 mM 

ferrous gluconate in ITC titration buffer. Concentration of GCAP5 samples was 50 μM and 2 mM 

Fe2+ titrant. ITC experiments were executed at 25°C on 50 μM GCAP5 samples titrated with 40 

incremental additions of 5 μL Fe2+ titrant (2 mM stock) 88 .The binding isotherm calculated was 

generated to calculate the binding affinity (Kd), enthalpy changes (DH), and binding 

stoichiometry/molar ratio of the ligand and protein (Fig. 3.3.3) 18, 88, 102. 

NMR Spectroscopy 

Myristoylated GCAP5 WT and yeast N-myristoyl CoA transferase (NMT) were first co-

expressed in E. coli and grown in isotope-labeled M9 minimal media with 15N-labeled NH4Cl 

and/or 13C-labeled glucose to produce isotope-labeled protein needed for two- and three-

dimensional NMR structural studies 88, 100, 101. Uniformly 15N-labeled and 13C, 15N-labeled samples 

of myristoylated Mg2+-bound GCAP5D3N and mutants were exchanged into an NMR buffer 

comprising of 5 mM MES (pH 6.5), 3 mM dithiothreitol-d10 (DTT-d10), 2-5 mM MgCl2, 0.04% 

w/v NaN3, and 93% H2O/7% D2O and had a final concentration between 0.5 – 0.9 mM 100, 101. 

All NMR experiments were performed at 23°C on a Bruker Avance 600 MHz spectrometer 

with a four-channel interface and triple resonance cryogenic (TCI) probe 88, 100, 101. Assignments 

of backbone resonances were acquired by performing and analyzing the following two- and three-

dimensional spectra: HNCA, HNCACB, CBCA(CO)NH, and HNCO 100, 101. In addition, 

assignments of sidechain resonances that assist in three-dimensional structural elucidation were 

obtained from the following spectra analysis: HCCH-TOCSY, CCCONH, HCCCONH, 13C-edited 

NOESY, 15N-edited NOESY and TOCSY, and CT-HSQC 100, 101. A detailed explanation of 

assigning backbone and sidechain resonance of GCAP5 are provided below (3.3 Results). 
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Residual Dipolar Coupling (RDC) by NMR analysis 

Residual dipolar coupling (RDC) are important structural restraints in protein NMR that 

provide information on the three-dimensional structure of the protein by using the alignment of 

backbone amides (1H-15N) in secondary structure calculated relative to the magnetic field (B0) 103. 

To prevent protein from tumbling in solution, a filamentous bacteriophage Pf1 (Asla Biotech Ltd., 

Latvia) was added to a 15N-labeled GCAP5 (0.5 mM) sample to serve as an orienting medium and 

generate a weak alignment relative to the magnetic field 103. 

First, Pf1 (0.5 mL) was added resuspended in 2 mL MES NMR buffer (described 

previously) and spun at 50,000 rpm for 2 hours at 4°C (AH-650, swing rotor). Pf1 pellet was then 

resuspended in 2 mL MES NMR buffer and ultracentrifuged was repeated once. Concentration of 

Pf1 was calculated by UV-Vis at 270 nm and a final concentration of 12 mg/mL Pf1 was added to 

15N-labeled GCAP5 for NMR analysis. Backbone 1H-15N RDC constants (DNH) were recorded 

from a two-dimensional IPAP (inphase/antiphase) 1H-15N HSQC and RDCs were calculated as the 

difference in 15N-splitting for every amide resonance in the presence and absence of phage Pf1 104. 

Reported RDC Q-factor and RDC analysis were validated by PALES 105.  

NMR Titration of Fe2+ Binding to GCAP5 

For NMR titration studies, GCAP5 WT and GCAP5C15A/C17A samples with incremental 

additions of FeSO4 was prepared anaerobically by Dr. Sunghyuk Lim as described previously 88. 

1H-15N HSQC NMR spectra of Fe2+-bound GCAP5 WT (and GCAP5C15A/C17A) were collected with 

0, 0.25, 0.50, 1.0, 2.0, and 5.0 equivalence of FeSO4 and overlaid for NMR titration analyses 88. 

All NMR spectra were processed using NMRPipe and probed using Sparky NMRFAM software 

88, 89, 100, 101, 106. 
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NMR Assignments 

  The sequential backbone assignments were obtained based on the following NMR spectra: 

1H-15N HSQC, HNCO, CBCA(CO)NH, HNCA and HNCACB 100. First, HSQC peaks were 

manually picked, and then the C-terminal residue of GCAP5 was assigned as a reference. Relative 

to the reported chemical shifts of every amino acid residue, the assigned 1H-15N chemical shifts 

(ppm) of the C-terminal residue was matched in all acquired triple-resonance spectra and then 

aligned. From there, backbone chemical shifts (Ha, Ca, Cb, CO, 15N and HN) were assigned using 

HNCA, HNCACB, CBCA(CO)NH, and HNCO spectra.  

For instance, HNCACB triple-resonance spectra identifies the 13C chemical shifts of Ca 

and Cb resonances that are correlated to the selected 1H-15N peak representing one residue (i, 

stronger intensity) and the previous residue (i-1, weaker intensity). Fig. 3.2.1 shows the GCAP5 

amino acid sequence and sequential backbone assignment strategy. Sequential backbone 

assignments were repeated to find unique segments within the sequence and every residue was 

connected one by one until the completion of backbone assignments. In HNCACB, there are 3-4 

13C peaks in a 15NH strip where Ca (and Cai-1) and Cb (and Cbi-1) are opposite signs 24, 25, 107-109. 

A common technique in NMR assignments is to identify unique i residues, like glycine, alanine, 

serine and threonine, and match the weaker intensities (i-1) based on reported average chemical 

shifts 24, 25, 107-109. Glycine is unique as it only has a single 13Ca resonance at 45 ppm chemical shift 

and does not overlap with other residues 24, 25, 107-109. Fig. 3.2.1b shows the process of assignments 

D105 – C105 in HNCACB spectra analysis. In the G104 15NH strip, glycine has a 13Ca resonance 

at 45 ppm (strong intensity) and contains two weaker peaks with a distinct chemical shift pattern 

belonging to either a serine or threonine (13Cb resonances are more downfield due to the side-chain 

OH group and occur at higher ppm). After confirmation of previous residue (i-1) belonging to 
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serine (fig. 3.2.1b), the assigned Ca and Cb chemical shifts of serine is set as the i residue and is 

matched to stronger intensities equivalent in a different 15NH strip. Analysis of i-1 chemical shifts 

are repeated until a unique oligopeptide is assigned to a unique region in the GCAP5 sequence as 

shown in fig. 3.2.1. This process can be done reversibly (previous and forward) and is exhaustively 

repeated across all triple-resonance NMR spectra until remaining peaks are assigned.  Using this 

approach, I assigned 86% of the backbone resonances and the remaining 14% could not be 

assigned due to spectral overlap. 

 

Fig. 3.2.1. (A) GCAP5 amino acid sequence with highlighted C15/C17 in bold red. (B) 
Representative figure of D101 – C105 sequential backbone assignment process in HNCACB NMR 
spectra.  
 

Once sequential assignments have been finalized, assignments of non-aromatic residues 

with hydrophobic sidechains are critical information to determine short to long-range distance 

restraints between residues for the three-dimensional structure of a protein 24, 25, 107-109. The Nuclear 
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Overhauser Effect (NOE) is the rate of magnetization through space by which NOEs are observed 

between protons of residues that may be far apart in sequence but within 5 Å in space 24, 25, 107-109. 

Terminal methyl resonances are key information to acquire long-range NOEs. Sidechain 

assignments are identified by the following triple-resonance spectra: HCCH-TOCSY, CCCONH, 

HCCCONH, 13C-edited NOESY, 15N-edited NOESY and TOCSY, and CT-HSQC 24, 25, 107-109. 

CCCONH and HCCONH are triple-resonance spectra that comprise of sidechain resonances; 

however, a fraction of resonances in GCAP5 samples were broadened by detection due to the 

spectra’s low sensitivity. HCCH-TOCSY analysis couples all C-H belonging to one residue and 

their previous backbone assignments of Cα/Hα and Cβ/Hβ assists in finding the 1H-13C strip plot. 

For instance, fixating the spectrum at V55 Cα and V55 Hα identified at the diagonal cross-peak 

will provide other resonances belonging to assigned Hβ and sidechain Hg1/ Hg2 as shown in fig. 

3.2.2a. To find Cg1/Cg2, locating the new Hg1/ Hg2 of V55 as a cross-peak coupled with 

stereospecific 1H-13C HSQC will identify Cg1-Hg1 and Cg2-Hg2. Leucine and valine can be 

identified and assigned on 1H-13C HSQC as Leu Cδ1 and Val Cg1 have an opposite phase from 

Leu Cδ2 and Val Cg2 (fig. 3.2.2b). 
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Fig. 3.2.2. Sidechain assignment and stereospecific sidechain residues. (A) Non-aromatic 
residues with stereospecific sidechains detected by 1H-13C HSQC.  (B) V55 sidechain assignment 
process utilizing prior knowledge of backbone Cα/Hα and Cβ/Hβ assignments to identify sidechain 
resonances (Cδ1, Cδ2, Cg1, Cg2, Hδ1, Hδ2, Hg1, Hg2) 100, 101. 
 

Extent of Myristoylation in GCAP5 by LC-MS and NMR Analyses 

Heterogeneity was observed in all GCAP5 samples and caused NMR peak broadening due 

to extraneous resonances. To determine whether the sample heterogeneity might be caused by 
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incomplete protein myristoylation, samples of myristoylated (with pBB131-NMT) and 

unmyristoylated GCAP5 (lacking pBB131-NMT) were prepared to send off to the mass 

spectrometry facilities for liquid chromatography mass spectroscopy (LC-MS) analysis by Dr. 

William Jewell (UCD, Davis, CA). 1H-15N HSQC spectra of 15N-labeled myristoylated and 

unmyristoylated GCAP5 were recorded separately and overlaid to detect any notable differences.  

NMR Structure Calculation by Xplor-NIH 

The NMR solution three-dimensional structure of a Ca2+-free/Mg2+-bound myristoylated 

GCAP5D3N activator was calculated based on acquired dihedral angles from TALOS+, NOEs, 

backbone hydrogen bonds, and RDCs as structural distance restraints 91, 110. NMR-guided 

structures were calculated using these structural restraints and implemented in restrained molecular 

dynamics simulations within Xplor-NIH 101, 111. First, backbone chemical shifts (Ha, Ca, Cb, CO, 

15N and HN) were assigned by NMR and utilized to measure dihedral angles by TALOS+ 91, 110. 

Terminal side-chain methyl and aromatic resonances were assigned by utilizing HCCH-TOCSY, 

CCCONH and HCCCONH NMR spectra to aid in acquiring NOEs distance restraints from 15N-

edited NOESY-HSQC and 13C-edited NOESY-HSQC 100. The template structure of the Xplor-

NIH calculations was the Ca2+-free/Mg2+-bound myristoylated GCAP5 homology (based on x-ray 

crystal structure of bovine Ca2+-bound GCAP1, PDB ID: 2R2I) calculated using SWISS-MODEL. 

A total of 500 structures in refinement were calculated and the final 10 structures were selected to 

produce an energy-minimized average structure. The final structures were then deposited to RCSB 

PDB (PDB ID: 7M2M) and structure quality was assessed by PROCHECK-NMR and MolProbity 

100, 101, 112. The structural statistics are shown in Table 3.3.1 (3.3. Results).  
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Spin Labeling for EPR-DEER Sample Preparation 

Apo-myristoylated GCAP1V77E (and DEER mutants: T29C, E57C, E133C and E154C) and 

GCAP5CL (and DEER mutants: A15C, A17C, T26C, A28C, N56C, A69C, A105C, N139C, 

E152C, E156C and S159C) were first dialyzed against 4 L dialysis buffer in 20 mM Tris-HCl (pH 

7.4) with 100 μM tris(2-carboxyethyl)phosphine (TCEP) overnight at 4°C 62, 101. A 40 mM stock 

solution of the spin-label (1 oxyl 2,2,5,5-tetramethyl-D3-pyrroline-3-methyl) 

methanethiosulfonate (termed MTSSL, Toronto Research Chemicals Inc., Toronto, Canada) was 

prepared by dissolving in dimethylsulfoxide (DMSO). The dialyzed protein was adjusted to 10-20 

μM before the addition of excess MTSSL was added to protein at a 30:1 molar ratio. The reaction 

was performed on ice for 30 min and then unreacted MTSSL was dialyzed away against 4 L 

dialysis buffer in 20 mM Tris-HCl (pH 7.4) at 4°C for 4-6 hours. Dialysis was repeated once again 

with 4 L fresh dialysis buffer overnight at 4°C. The spin-labeled protein was concentrated to a 

final concentration of ~300 μM by using an Amicon ultra-15 centrifugal filter unit with a 10-kDA 

molecular weight cut off. The final spin-labeled protein was then exchanged three times into 

deuterated DEER buffer containing 10 mM Tris-d11 (pH 7.4), 2 mM MgCl2 and 99.9% D2O. The 

sample was sent to collaborators Dr. Graham P. Roseman and Dr. Tufa E. Assafa in the Dr. Glenn 

Milhauser lab (UCSC, Santa Cruz, CA) and 25% glycerol-d8 was added to the protein as a cryo-

protectant before freezing 62, 101. All EPR-DEER measurements were performed by collaborators 

at Dr. Glenn Milhauser lab (UCSC, Santa Cruz, CA) for both GCAP1CL and GCAP5CL mutants as 

described previously 62, 101. 
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Molecular Docking of GCAP5 Dimerization by HADDOCK 

The dimeric structure of Fe2+-free/Mg2+-bound GCAP5 was calculated based on EPR-

DEER distance restraints and uploaded onto a protein-protein (or protein-ligand) docking 

HADDOCK webserver 113. The NMR solution structure of monomeric Mg2+-bound GCAP5 (Fig. 

3.3.11) was docked with itself and the measured EPR-DEER intermolecular distance restraints 

were applied to the docking calculation 101, 113. The EPR-DEER distance restraints were classified 

as unambiguous and a margin error of ±5 Å was applied for every restraint (shown in Table 3.3.2) 

101. First, the calculation generated 1000 structures via rigid body energy minimization. Then, the 

best 200 structures moved forward to a semi-flexible simulated annealing and later subjected to 

refinement in explicit waters 101, 113. The final 200 water refined structures were categorized in 12 

clusters and the coordinate file with the lowest interface RMSD (i-RMSD) was selected for the 

final dimeric model in this study 101. 

Multi Angle Light Scattering (MALS) 

 GCAP5 (and mutants) samples were loaded to a (1) size-exclusion chromatography (SEC) 

column or (2) syringe-pump (batch-mode) and coupled to a multi-angle light scattering (MALS) 

instrument. The MALS miniDawn instrument equipped with a 690-nm laser (Wyatt Technologies, 

Inc.) was connected to a refractive index instrument, through which the MALS instrument records 

the observed light scattering intensity and differential refractive index data of the sample of 

interest.  

 An analytical SEC column (Superdex 200 HR 10/30, GE Healthcare) was pre-equilibrated 

4°C in buffer containing 20 mM Tris-HCl (pH 7.4), 0.1 M NaCl, and 1 mM DTT. A 1.0 mL 

concentrated GCAP5 (and mutants) sample was manually loaded onto the column and eluted at a 

flow rate of 0.5 mL/min. Then, data analysis was processed using the ASTRA software (Wyatt 



 

 50 

Technologies, Inc.) and molar mass of GCAP5 (and mutants) was calculated based on a Zimm plot 

analysis with a refractive index increment (dn/dc = 0.185 L/g) 101, 114, 115. 

 
3.3 Results 

 
Function of Fe2+-bound GCAP5 in Zebrafish Photoreceptors 
 

Although an increase in Fe2+ levels in the retina are correlated to macular degeneration 

(AMD), the function of GCAP5 in the presence of Fe2+ was investigated to determine the 

importance of the two non-conserved cysteine residues (Cys15 and Cys17) 88. Our collaborator 

Dr. Karl W. Koch (University of Oldenburg, Oldenburg, Germany) performed in vitro functional 

analysis to quantify the cyclase activity relative to cGMP levels produced 88. Because active 

recombinant zebrafish photoreceptor guanylyl cyclases (zGCs) were not available at the time, Dr. 

Koch’s functional studies were focused instead on recombinant mammalian GCs (GC-E) enzyme 

activity in the presence of bovine GCAP1 and zGCAP5 (and zGCAP5C15A/C17A).  

  
Fig. 3.3.1 in vitro guanylate cyclase (GC-E) assay determines Fe2+-bound GCAP5 as GC-
inhibitor. Black bars represent GCAP samples in the presence of 1.5 µM free Ca2+ and gray bars 
show data for GCAP samples in the presence of <10 nM free Ca2+ due to presence of EGTA.  
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Addition of 100 nM Fe2+ was added to GCAPs (+ Fe2+). Presence of Fe2+ in GCAP5 WT decreased 
the enzyme activity 10x-fold while GCAP5C15A/C17A had an insignificant effect on enzyme activity 
88. Figure modified and previously published from (Lim et al, 2017) 
DOI:10.1021/acs.biochem.7b01029. 
 
 

The effects of GCAP1 and GCAP5 on guanylyl cyclase activity are shown in Fig. 3.3.1. 

As a positive control, Fe2+/Ca2+-free GCAP1 was shown to cause about 5-fold activation of cyclase 

activity at Ca2+ levels below 10 nM (gray bar in left panel of Fig. 3.3.1), whereas the cyclase 

activity is reduced 5-fold by Ca2+-bound GCAP1 at Ca2+ levels at or above 1.5 micromolar (black 

bar in left panel of Fig. 3.3.1).  The addition of 100 nM Fe2+ in the presence of Ca2+-free GCAP1 

reduces the cyclase activity like that of Ca2+, suggesting that Fe2+ can bind to the EF-hands of 

GCAP1 and mimic Ca2+ binding.  Indeed, Fe2+ binding to GCAP proteins measured by isothermal 

titration calorimetry (see Fig. 3.3.3) and NMR titrations indicate that Fe2+ does indeed bind to the 

second and third EF-hands of both GCAP1 and GCAP5 88.  However, GCAP1 binds to Ca2+ with 

about 100-fold higher affinity compared to that of Fe2+, which explains why the presence of 100 

nM Fe2+ has no effect on cyclase activity in the presence of Ca2+-bound GCAP1 (Fig 3.3.1). By 

stark contrast, GCAP5 can bind to Fe2+ even in the presence of saturating Ca2+ levels, because the 

presence of Fe2+ caused a more than 10-fold decrease in GC-E catalytic activity in the presence of 

Ca2+-bound GCAP5.  This result suggests that Fe2+ may bind to a separate site on GCAP5 (Cys15 

and Cys17) that is outside of the EF-hands.  To test this possibility, a GCAP5 double mutant was 

constructed in which the two cysteines (Cys15 and Cys17) were replaced with alanine (called 

GCAP5C15A/C17A) to abolish Fe2+ binding to these cysteines. As predicted, this double mutant 

abolishes the Fe2+-induced inhibition of cyclase activity that was observed in the presence of wild 

type GCAP5.  Thus, the two cysteine residues (Cys15 and Cys17) are essential for the Fe2+-induced 

inhibition of cyclase activity caused by GCAP5.    
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 Fe2+ binding to GCAP5 was first detected by a faint yellow color in a highly purified 

GCAP5 sample 88. This yellow color suggested the possible formation of an iron-sulfur cluster in 

GCAP5 that could be detected by ultraviolet-visible (UV-vis) absorption spectroscopy of GCAP5. 

In the presence of Fe2+, GCAP5 WT exhibited an absorbance at 325 and 420 nm indicative of an 

iron-sulfur cluster (fig. 3.3.2) 88, 116. Fig. 3.3.2 presents the absorbance spectrum of GCAP5 

C15A/C17A double mutant with no detectable absorbance at 325 nm, suggesting Cys15 and Cys17 are 

important residues to form the iron-sulfur cluster in GCAP5 as a cyclase inhibitor  88. 

 
Fig. 3.3.2. UV-vis absorbance spectrum to detect iron-sulfur cluster formed by C15/C17. 
GCAP5 WT observed a positive absorbance difference at 325 nm corresponding to an iron-sulfur 
cluster (left). GCAP5C15A/C17A double mutant disables C15/C17 binding to Fe2+ with no detectable 
change in absorbance, suggesting no iron-sulfur cluster formed (right).  
 

Fe2+ Binding to GCAP5 Measured by Isothermal Titration Calorimetry (ITC) 

After confirming a functional role of Fe2+ in GCAP5, the binding of Fe2+ to GCAP5 was 

quantitatively measured by ITC. Incremental titration of Fe2+ to GCAP5 WT (and 

GCAP5C15A/C17A) resulted in a binding isotherm that allowed calculation of the dissociation 

constant (Kd), binding site(s), stoichiometric ratio of at least two Fe2+ bound per GCAP5, and the 

changes in enthalpy (DH) measured by ITC at 25°C (fig. 3.3.3.) 88. In fig. 3.3.3B, the binding 
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isotherm of GCAP5 WT was multiphasic and detected two distinct binding sites. The first binding 

site is a high-affinity site of Fe2+ (Kd < 100 nM) with a stoichiometric ratio (n) of 1 Fe2+ ion per 

GCAP5 dimer (or 0.5 Fe2+ per GCAP5 monomer) 88. Moreover, the GCAP5 wild-type binding 

isotherm had a separate lower affinity site of Fe2+ (Kd 3 ± 1 µM) with n = 2 ± 0.5 of Fe2+ per 

GCAP5 monomer (fig. 3.3.3B) 88.  The lower affinity binding of Fe2+ most likely represents Fe2+ 

binding to the EF-hands in GCAP5, because mutations in EF2 and EF3 that disable Ca2+ also 

eliminate the low affinity Fe2+ binding (Karl Koch, unpublished). 

 
 
Fig. 3.3.3. Fe2+ binding to GCAP5 WT (left) and GCAP5C15A/C17A double mutant (right) 
measured by ITC. (A) GCAP5 WT and (C) GCAP5C15A/C17A represents the changes in heat upon 
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incremental additions of Fe2+to the samples during the ITC at 25°C. The binding isotherms of 
wild-type and double mutant (B and D) were fit to a two-site and one-site model, respectively. (B) 
Binding isotherm of wild-type calculates two binding sites with a high-affinity site with a 
dissociation constant (Kd) of <100 nM and a stoichiometry (n) of 0.4 ± 0.1 equiv. Fe2+ per 
monomer and low-affinity site with a Kd of 3 ± 1 µM with n = 2 ± 0.5 equiv. per monomer. (D) 
The binding isotherm of the double mutant had a low-affinity site with a Kd 3 ± 1 µM88. Figure 
modified and previously published from (Lim et al, 2017) DOI:10.1021/acs.biochem.7b01029   

 

The titration of Fe2+ to GCAP5C15A/C17A double mutant abolished the high-affinity Fe2+ 

binding site, suggesting Cys15 and Cys17 are critical residues associated with high affinity site of 

.Fe2+ (fig. 3.3.3D) 88. The binding isotherm of the double mutant detected a low-affinity site of 

Fe2+ with a Kd of 3 ± 1 µM and n = 2 ± 0.5 of Fe2+ per monomer like that observed for wild type 

88. The low-affinity Fe2+ binding sites are hypothesized to be due to non-specific Fe2+ binding to 

the second and third EF-hands of GCAP5 88. 

Analytical SEC Confirms GCAP5 as a Preformed Dimer in Solution  

To determine if zGCAP5 is a functional dimer like bovine GCAP1, the molecular weight 

was calculated by analytical SEC (fig. 3.3.4) 88. GCAP5 (and GCAP5C15A/C17A) were plotted in a 

calibration curve based on the protein standards and determined that the elution time agreed to the 

molar mass of 42 kDa 88. As mentioned previously, GCAP5 monomer is 23-kDa, implying the 42-

kDa weight corresponded to a dimer in solution. Moreover, fig. 3.3.4 illustrates that GCAP5 

samples loaded onto SEC with the presence of Mg2+ and Fe2+ for had no effect on the molar mass 

of GCAP5 (and GCAP5C15A/C17A) 88. 
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Fig. 3.3.4. Molar mass determined by analytical SEC confirms GCAP5 is a dimer. (A) An 
overlay of SEC chromatograms of protein standards (12.4, 29 and 66 kDa in black), GCAP5 WT 
in the presence of Mg2+ (green) and Fe2+ (blue) and GCAP5C15A/C17A in the presence of Fe2+ (red). 
All GCAP5 (and C15A/C17A mutant) samples observed similar elution profile. (B) Calculated 
molar mass calibration curve of elution volume over void volume against log (kDa) of standards’ 
molecular weight. The molar mass of GCAP5 was determined to be 42 kDa and is consistent with 
the molecular weight of GCAP5 as a dimer88, 101 Figure previously published from (Lim et al, 
2017) DOI:10.1021/acs.biochem.7b01029 
 

Fe2+-induced Structural Changes in GCAP5 Observed by NMR  

After verifying the function and stoichiometry of Fe2+ binding to wild type GCAP5 , I next wanted 

to determine whether any protein conformational changes in GCAP5 might be caused by the 

binding of Fe2+. Fig. 3.3.5 presents NMR experiments performed with 15N-labeled samples of Fe2+-

free GCAP5 (red) and Fe2+-bound GCAP5 (black). In addition, the 1H-15N HSQC spectrum of 15N-

labeled Fe2+-free GCAP5 displayed 191 peaks that were well-resolved and with uniform intensity 

peaks, which suggest the protein is stably folded 88. Every resonance/peak in the 2D HSQC is 

associated with a particular backbone amide from a residue with characteristic chemical shift, and 

thus, the spectrum represents a residue-specific fingerprint of protein conformation. The HSQC 

spectrum of GCAP5 in the presence of saturating levels of Fe2+ (black peaks in Fig. 3.3.5) revealed 
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more than a dozen peaks whose spectral frequency and/or intensity were altered by the addition of 

Fe2+. Fe2+-binding caused some peaks to become broadened beyond detection (see peaks at 7.6, 

7.8, 8.05, 9.1, 9.3, and 10.6 ppm), whereas Fe2+ also caused a few new peaks to appear (6.4, 6.8 

and 9.7 ppm). Thus, the number of Fe2+-induced spectral changes seen in Fig. 3.3.5 suggests that 

GCAP5 has multiple Fe2+ binding sites and is consistent with the Fe2+ binding heterogeneity 

observed in the ITC isotherm (Fig. 3.3.3). 

 
Fig. 3.3.5. 1H-15N HSQC spectrum of 15N-labeled GCAP5. A 2D NMR HSQC spectra overlay 
of 15N-labeled GCAP5 in the absence of Fe2+ (red) and the presence of saturating levels of Fe2+ 
(black) displaying the Fe2+ induced structural changes from the chemical shift differences observed 
88. Figure previously published from (Lim et al, 2017) DOI:10.1021/acs.biochem.7b01029. 
 

Identifying Fe2+-binding Sites in GCAP5 by NMR Titration 

 To identify the residues in the Fe2+ binding sites observed by ITC, 2D HSQC spectra were 

recorded of 15N-labeled GCAP5 and GCAP5C15A/C17A samples as a function of adding incremental 

amounts of Fe2+. Fig. 3.3.6a-b depicts the overlay of NMR spectra with Fe2+ concentrations (0 
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equiv. in red, 0.50 equiv. in green, 1.0 equiv. in blue, and 3.0 equiv. in black) in WT (A) and 

double mutant (B). The NMR titration of GCAP5WT (Fig 3.3.6A) revealed two types of binding 

sites: one type had two separate resolved peaks that represent Fe2+-free and Fe2+-bound states (see 

magenta solid circle and arrows in Fig. 3.3.6A), which is indicative of slow exchange kinetics on 

the NMR chemical shift timescale.  The term “slow exchange” in this context refers to Fe2+ binding 

event in which the exchange rate of binding is smaller (slower) than the frequency difference 

between the NMR peaks (representing the free and bound states). In other words, the exchange 

rate is slower than the chemical shift timescale and the two states are resolved. By contrast, many 

other peaks in the NMR titration exhibited fast exchange kinetics in which a single peak titrates 

from the Fe2+-free to Fe2+-bound state (see magenta dashed circles in Fig. 3.3.6). In this case, the 

exchange rate is larger (faster) than the frequency difference between the free and bound peaks 

and the two states are not resolved. Instead, the two states are represented by a single averaged 

peak whose chemical shift titrates progressively from the Fe2+-free to Fe2+-bound state (see dashed 

circles in Fig. 3.3.6).  Fast exchange kinetics indicates relatively weak binding affinity in the 

micromolar range or higher. 

The NMR resonances assigned to Cys15, Lys16 and Cys17 (highlighted by magenta filled 

circles and arrows in fig 3.3.6A) exhibited slow-exchange kinetics on the NMR chemical shift 

time scale because two sets of peaks could be assigned to the Fe2+-free and Fe2+-bound resonances 

of Cys15, Lys16 and Cys17. The Fe2+-free/Mg2+-bound resonances of Cys15, Lys16, and Cys17 

were assigned to the peaks at 7.6/115 ppm, 7.7/116 ppm, and 7.53/111.6 ppm, respectively (fig. 

3.3.7). The Cys15 and Cys17 peak assignments were confirmed by the absence of these peaks in 

C15A/C17A double mutant HSQC titration spectra (fig. 3.3.6) 88, 100. The slow-exchange kinetics 

here for Cys15, Lys16, and Cys17 are consistent with high affinity binding of Fe2+ in the 
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nanomolar range.  Thus, Cys15, Lys16 and Cys17 are shown here to have slow exchange kinetics 

and are associated with nanomolar Fe2+ binding near these residues88. By contrast, the Fe2+ 

sensitive resonances that exhibited fast exchange kinetics (dotted circles in Fig. 3.3.6) indicate low 

affinity Fe2+ binding (micromolar or higher) and are assigned to residues in EF2 (F62, A78 and 

L81) and EF3 (G102, A130).  
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Fig. 3.3.6. NMR titration of Fe2+ binding to GCAP5 WT (A) and GCAP5C15A/C17A double 
mutant (B).  1H-15N HSQC overlay of GCAP5 WT and GCAP5C15A/C17A double mutant titrated 
with incremental aliquots of Fe2+ at 0 (red), 0.50 (green), 1.0 (blue) and 3.0 (black). Resonances 
marked by a magenta filled circle and arrows exhibited slow exchange kinetics and resonances 
marked by dashed circles exhibited fast exchange kinetics during the titration experiment88. Figure 
previously published from (Lim et al, 2017) DOI: 10.1021/acs.biochem.7b01029. 
  

The 1H-15N HSQC spectrum of 15N-labeled Fe2+-bound GCAP5C15A/C17A double mutant 

(fig. 3.3.6B) shows an absence of resonances that were assigned to Cys15 and Cys17 in the wild 

type spectrum 88. Instead, the double mutant spectra identified resonances highlighted in magenta 

dashed lines (fig. 3.3.6B) that corresponded to fast exchange kinetics, in which the Fe2+ binding is 

faster than the frequency difference between the peaks in the bound versus the free state and 

corresponds to micromolar or weaker affinity. The fast exchanging peaks were mostly assigned to 

resonances from EF2 and EF3, which is consistent with the lower affinity Fe2+ binding occurring 

in the EF-hands. 

 

Fig. 3.3.7. Slow exchange resonances in NMR titration of Fe2+ binding to GCAP5WT. 
Resonances exhibiting slow exchange were assigned to C15, K16, and C17 88, 100. 
 
NMR Assignments of Mg2+-bound Myristoylated GCAP5  

The final assignments of backbone and sidechain resonances of uniformly 13C- and 

13C/15N-labeled Mg2+-bound myristoylated GCAP5 (native residues 2–198 with D3N mutation for 
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NMT) are represented by the 2D 1H-15N HSQC and constant-time 1H-13C HSQC as shown (fig. 

3.3.7).  The 1H-15N HSQC spectrum exhibited well-dispersed peaks and uniform intensities, which 

confirmed that GCAP5 in solution was stably folded and the assignments were determined based 

on acquired the triple-resonance heteronuclear NMR spectra. The NMR structural studies of Ca2+-

free/Mg2+-free myristoylated GCAP5 obtained assignments of more than 86% of the main chain 

13C resonances (13Ca, 13Cb and 13CO), 84% of backbone amides (1HN, 15N), and 75% of 13C 

methyl sidechain resonances 100. As GCAP5 is a dimer in solution, remaining unassigned residues 

(fig. 3.3.8B) were mostly in spectrally overlapped regions (due to peak broadening) or were 

broadened beyond detection. Fig. 3.3.8B identifies unassigned residues (in asterisk) in the GCAP5 

sequence and is prominent that residues 136-146 are unassigned that could be due to NMR 

exchange broadening from confirmational heterogeneity in the fourth EF-hand. The chemical shift 

assignments of GCAP5 can be found in the BioMagResBank (http://www.bmrb.wisc.edu) with 

accession number 27705 100. 
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Fig. 3.3.7. Two-dimensional 1H-15N HSQC and constant-time 1H-13C HSQC. (A) 1H-15N 
HSQC spectrum of 15N-labeled Ca2+-free/Mg2+-bound myristoylated GCAP5 illustrating labeled 
representative backbone assignments (86%). (B) Expansion view of 1H-15N HSQC in spectrally 
crowded region showing challenge of assignment process. (C) Constant-time 1H-13C HSQC 
spectrum of 13C-labeled Ca2+-free/Mg2+-bound myristoylated GCAP5 representing labeled 
sidechain resonances critical for NOE analysis. Complete assignments are available (BMRB 
accession no. 27705) 100. Figure previously published from (Cudia, 2019). 
 
 

The secondary structure of Ca2+-free/Mg2+-bound myristoylated GCAP5 was calculated 

based on the NMR backbone assignments and uploaded onto a secondary structure prediction 

online software called TALOS+ 91, 110. The secondary structure was determined from the calculated 

difference between observed chemical shifts and the average random coil chemical shifts 91. The 

secondary structure of GCAP5 was found to be quite similar to that of mammalian GCAP1 (fig. 

3.3.8B). There were ten pronounced a-helices at regions H1 (residues8-14), H2 (residues 18-26), 

H3 (residues 35-41), H4 (residues 49-62), H5 (residues 74-82), H6 (residues 87-95), H7 (residues 

110-117), H8 (residues 129-135), H9 (residues 150-160), and H10 (residues 162-172) (fig. 

3.3.8A/B) 100. The secondary structure in all EF-hands (helix-loop-helix) are detectable, with the 
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exception that the third and fourth b-strands aren’t clear due to a lack of stabilization by Mg2+ as 

seen in the second EF-hand (fig. 3.3.8A/B) 100.  

 
 

 
Fig. 3.3.8. Amino acid sequence and secondary structure of Ca2+-free/Mg2+-bound 
myristoylated GCAP5. (A) Chemical shift index (CSI) calculated by TALOS+ANN secondary 
structure plotting the probability (a-helix as negative, b-strand as positive, and random coil as 

B 
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zero) as a function of residue number. (B) Sequence alignment of GCAP5 and GCAP1 with labeled 
EF hands (green for EF1, red for EF2, cyan for EF3, and yellow for EF4) based on TALOS+ 
analysis. a-helix is represented as a cylinder, b-strand as arrow, and random coil as line. Residues 
marked with an asterisk are unassigned (BMRB accession no. 27705) Secondary structure of 
GCAP5 is represented above its sequence (labeled H1-10 in black) and GCAP1 is represented 
below its sequence (labeled H1-11 in red) 100. Figure modified and previous published from 
(Cudia, 2019) DOI: 10.1007/s12104-019-09877-y 
 
 

NOESY-based distances are critical for determining the three-dimensional structure of 

GCAP5. NOESY-derived distances are calculated from the rate of magnetization transfer through 

space between residues far apart in sequence but within 5 Å. The terminal methyl sidechain 

resonance assignments were important for NOESY-based analysis. In fig. 3.3.9, representative 

15N-amide strips show cross peaks between L172Hd2 and T61Hg2, G2Ha2 and V178Hg1, and 

V55Hg2 and I181Hg2, respectively, that determined these long-range residues were within 5 Å. 

Despite severe overlapping seen across all NMR spectra, NOESY-based analysis collected 145 

long-range NOEs to aid in solving the globular shape of GCAP5 101. 
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Fig. 3.3.9. Representative 15N-NH amide strip plots in NOESY analysis of Ca2+-free/Mg2+-
bound GCAP5. Long-range NOEs are represented between L172Hd2-T61Hg2 (left), G2Ha2-
V178Hg1 (center), and V55Hg2-I181Hg2 (right). 
 

The final structural restraints needed for calculating the 3D structure of Ca2+-free/Mg2+-

bound GCAP5 was residual dipolar coupling (RDCs) restraints to determine the orientation of 

secondary structure (a-helices) relative to one another. In fig. 3.3.10, RDCs were calculated based 

on the absence and presence of the orienting medium Pf1 phage. The calculated RDCs versus the 

observed RDCs are in good agreement (fig. 3.3.10C) and was used in the structural calculation by 

Xplor-NIH with the following restraints: NMR-derived dihedral angles, NOESY-based distances, 

and RDCs 101. 

 
Fig. 3.3.10. Residual dipolar coupling (RDC) structural analysis to determine orientation of 
a-helices in globular three-dimensional structure of GCAP5. 1H-15N IPAP-HSQC spectra of 
Ca2+-free/Mg2+-free GCAP5 in the absence (A) and presence (B) of Pf1 orienting medium (12 
mg/mL). The observed spectral JNH splitting (in the absence and presence of Pf1 phage, 
respectively) between JNH and JNH + DNH are represented by vertical lines and differences were 
used to calculate RDCs.  (C) Calculated RDCs are plotted against the measured RDCs and show 
good agreement with Q-factor = 0.27 and R-factor = 0.985 101, 105. 
 

NMR Solution Structure of Ca2+-free/Mg2+-bound Myristoylated GCAP5 

The NMR solution structure of Ca2+-free/Mg2+-bound GCAP5 was calculated with the structural 

restraints (table 3.3.1) by restrained molecular dynamics simulations within Xplor-NIH as 
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described previously 101. An overlay of the ten lowest energy structures calculated by Xplor-NIH 

in fig. 3.3.11. has an RMSD of 1.0 Å 101. Interestingly, the TALOS-derived secondary structure 

and NOESY-based analysis determined GCAP5 to be structurally similar to Ca2+-bound GCAP1 

with 11 a-helices and 4 b-strands: a1 (residues 8-15, N-terminal helix), a2 (residues 19-27), a3 

(residues 35-41), a4 (residues 50-62), a5 (residues 72-82), a6 (residues 88-97), a7 (residues 108-

121), a8 (residues 130-140), a9 (residues 151-160), a10 (residues 162-172, Ca2+-switch helix), 

a11 (residues 175-182, C-terminal helix), b1 (residues 32-34, non-functional EF), b2 (residues 

69-71, Mg2+binding), b3 (residues 105-107), and b4 (residues 148-150) (see fig. 3.3.11) 59, 101.  

 

 

A 
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Fig. 3.3.11. NMR-derived ensemble solution structure of Ca2+-free/Mg2+-bound GCAP5 
(PDB ID: 7M2M). (A) The ensemble of the ten lowest NMR structures has a RMSD of 1.0 (table 
3.3.1.). EF-hands are represented in EF1 (green), EF2 (red), EF3 (cyan), and EF4 (yellow) with 
Mg2+ ion in green 101. (B-C) The average main chain structure of GCAP5 showing a similar 
structural arrangement as bovine Ca2+-bound GCAP1(see fig. 1.4.4B)59.  N-terminal myristoyl 
group is presented in magenta and Ca2+-switch helix (a10) associated in activator-to-inactivator 
state is in purple. Sidechain atoms of residues involved in Mg2+ binding (D63, D65, D67) and at 
the dimeric interface is shown in (H18, Y21, M25, F72, V76) are shown in sticks 101. 
 

The initial secondary structure of GCAP5 determined by chemical shift index (TALOS+) 

identified the C-terminal residues in a11 as a random coil; however, a more rigorous analysis of 

long-range and sequential NOEs observed between N-terminal and C-terminal domain was able 

to define a C-terminal helix that was apparently not detected by chemical shift index 91, 101. I do 

not understand why the C-terminal helix was not detected by the chemical shift analysis.  One 

possibility is that the C-terminal helix might exhibit dynamics that might perturb the chemical 

shifts.  In any event, this illustrates the limitation of secondary structure prediction by chemical 

shift index.  The detailed NOE patterns of an a-helix appear to be a more reliable method of 

determining secondary structure. Despite this discrepancy, the solution structure of GCAP5 

formed two domains: N-terminal (EF1 - EF2) and C-terminal (EF3 – EF4) described in fig. 3.3.11 

101. Interestingly, Cys15 and Cys17 are more solvent-exposed in GCAP5 due to the elongation of 



 

 67 

the N-terminal helix observed (fig. 3.3.11C). This lengthening of the N-terminal helix of GCAP5 

allows Cys15 and Cys17 to facilitate Fe2+ binding, which is not seen in mammalian GCAP1 (fig. 

3.3.8) 100, 101.  

The Ca2+-switch helix (a10, fig. 3.3.11B/C purple helix) observed in GCAP1 studies is 

also conserved in GCAP5, where Mg2+-bound state is one turn longer than Ca2+-bound GCAP1 

and is consistent as an activator (Ca2+-free/Mg2+-free GCAP5) 53, 59, 101. Finally, the C-terminal 

helix (a11) of Mg2+-bound GCAP1 is one-half turn shorter than Ca2+-bound GCAP1 and is similar 

to the Ca2+-myristoyl tug mechanism as previously described in GCAP1 studies 43, 53, 59, 101. 

Overall, the NMR-derived solution structure of Ca2+-free/Mg2+-bound myristoylated GCAP5 

(PDB: 7M2M) was validated by the online software PROCHECK and confirmed that 90% of the 

residues were in the most favorable region in the Ramachandran plot (table 3.3.1.) 101, 112. 

 

Table 3.3.1. NMR structural statistics of GCAP5 

 

NMR restraints 
 

 

Value (restraint violation) 
 

Short-range NOEs 526 (0.0 ± 0.0) 
Long-range NOEs 145 (0.0 ± 0.0) 
Hydrogen bonds 144 (not used in water refinement) 
Dihedral angles 172 (0.1 ± 0.3) 

1DHN RDC 24 (0.0 ± 0.0) 
RDC Q-factor 0.321 

 

Coordinate precision (Å)* 
 

 

RMSD (backbone atoms) 1.0 ± 0.04 
RMSD (all heavy atoms) 1.6 ± 0.1 

 

Deviation from idealized geometry 
 

 

Bonds (Å) 0.007 ± 0.001 
Angles (°) 0.823 ± 0.015 

Impropers (°) 0.925 ± 0.025 
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Ramachandran Plot (%) 
 

 

Favored region 78.1 
Allowed region 16.3 
Outlier region 5.6 

 

Structure quality# 
 

 

Clash score 80 
Ramachandran outliers 5.6% 

Sidechain outliers 6.1% 
 

*Coordination precision was calculated for residues 9-16, 20-41, 49-81, 89-120, 130-139, and 158-160. 
#Structure quality metrics assessed by MolProbity 112 
 

Extent of Protein Myristoylation  

Spectral heterogeneity of the GCAP5 samples were observed in all NMR spectra recorded 

and posed challenges in the structural analysis by NMR. In particular, the 2D 15N-1H HSQC 

spectrum of Ca2+-free/Mg2+-free GCAP5 frequently exhibited more than one resonance that could 

be assigned to a single residue, suggesting multiple structural forms of GCAP5 that is perhaps due 

to a mixture of myristoylated and non-myristoylated forms of the protein. To test whether 

incomplete myristoylation might be causing the spectral heterogeneity, the extent of 

myristoylation in the NMR sample was analyzed by liquid chromatography and mass spectroscopy 

(LC-MS) analysis on samples of myristoylated GCAP5 and unmyristoylated GCAP5 (lacking 

pBB131-NMT in plasmid DNA) in fig. 3.3.12. The LC-MS (MALDI) was measured by Dr. 

William T. Jewel at the Mass Spectrometry facility at the University of California Davis (UCD). 

The N-terminal myristoyl group is ~200 Da and the mass-to-charge (m/z) difference between the 

two samples observed a ~200 Da difference, indicative of the absence of the myristoyl group in 

the unmyristoylated GCAP5 (fig. 3.3.12, top). Fig. 3.3.12 shows myristoylated GCAP5 (bottom) 

had a calculated mass of 22.3 kDa while the unmyristoylated GCAP5 (top) had a calculated mass 

of 22.5 kDa.  Peak broadening is observed in both samples as GCAP5 samples have a high 
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propensity of aggregation at high concentration. Moreover, the absence of the N-terminal 

myristoyl group (fig. 3.3.12) has been shown to destabilize the tertiary structure of GCAP540. 

Therefore, the myristoylated protein samples used in the NMR studies do not appear to have 

detectable amounts of non-myristoylated protein, and the apparent NMR spectral heterogeneity is 

likely not caused by contamination of non-myristoylated protein. 

 

Fig. 3.3.12. Liquid-chromatography mass spectroscopy (LC-MS MALDI). Extent of 
myristoylation detected by LC-MS (C8 column) from unmyristoylated (top) and myristoylated 
(bottom) GCAP5 WT showing mass-to-charge (m/z) at 22,286.339 (unmyr-GCAP5) and 
22,509.691 (myr-GCAP5). 
 
 To further test whether incomplete myristoylation caused NMR spectral heterogeneity, 

samples of myristoylated and unmyristoylated GCAP5 were separately analyzed by HSQC and 

showed characteristic spectral differences between these samples (fig. 3.3.13). The 

unmyristoylated HSQC spectrum (fig. 3.3.13A, blue) exhibited a smaller number of peaks, partly 

due to the absence of myristoyl group that may cause protein unfolding.  The resonance assigned 

to A198 in non-myristoylated GCAP5 has a different amide proton chemical shift compared to 

that of myristoylated GCAP5 (Fig. 3.3.1.3D). Interestingly, the myristoylated HSQC spectrum 

(fig. 3.3.13B, red) showed a weaker resonance assigned to A198 (15N 131.6 ppm, 1H-N 8.00 ppm, 

fig. 3.3.13C) that had 100-fold weaker intensity compared to a separate and more intense peak 
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assigned to A198. The weaker resonance (15N 131.6 ppm, 1H-N 7.91 ppm, fig. 3.3.13C-D) 

corresponded to the unmyristoylated A198 resonance. Thus, the HSQC spectra overlay suggests 

that the myristoylated NMR sample contains less than 1% of the unmyristoylated protein (fig. 

3.3.13).  So, the observed NMR spectral heterogeneity of GCAP5 is not caused by incomplete 

myristoylation.  Instead, the extra NMR peaks might be the result of protein dimerization and/or 

the presence of multiple conformational states of the myristoylated protein. 

 

 
Fig. 3.3.13. 15N-1H HSQC spectra overlay. (A) 2-dimensional NMR spectra of Ca2+-free/Mg2+-
bound myristoylated GCAP5 (co-expressed with pBB131-NMT) in red and Ca2+-free/Mg2+-bound 
non-myristoylated GCAP5 (lacking pBB131-NMT) in blue. (B-D) Expansion view of A198 
resonance assignment in myristoylated (red) and non-myristoylated (blue) shows trace amount of 

A 
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non-myristoylated protein in Ca2+-free/Mg2+-bound myristoylated GCAP5 (co-expressed with 
pBB131-NMT) sample. 
 

Molecular Docking of GCAP5 Dimer Guided by EPR-DEER Restraints 

GCAP5 was previously determined to be a pre-formed dimer in solution as reported (fig. 

3.3.4.)100, 101. As was done previously for GCAP188, the structure of dimeric GCAP5 was 

calculated from intermolecular distances measured by electron paramagnetic resonance double 

electron-electron resonance (EPR-DEER) spectroscopy62, 101. Native Cys residues (C15, C17, C28, 

C69, C105) were first mutated to alanine (Ala, A) for a Cys-less background (hereafter termed 

GCAP5CL) and then re-introduced a single cysteine (A ® C mutation) for nitroxide spin labeling. 

Non-native residues (T26, N56, N139, E152, E156, S159) are exposed and more accessible for 

nitroxide spin labeling. These residues were each mutated to single Cys in GCAP5CL to do 

structural analysis like that of GCAP162, 101. EPR-DEER measured the intermolecular distances 

observed in all single Cys mutants (fig. 3.3.14) and table 3.3.2 represents a total of 11 EPR-DEER 

intermolecular distance restraints used for protein-protein docking by HADDOCK 101, 113. 
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Fig. 3.3.14. Intermolecular distances of single Cys mutants measured by EPR-DEER. 
Probability plotted versus intermolecular distances (nm) in GCAP5CL mutants (ordered from top 
to bottom per column: A15C, A17C, T26C, A28C, N56C, A69C, A105C, N139C, E152C, E156C, 
and S159C (bottom row)) 101. 
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Structural Model of a GCAP5 Dimer   

The intermolecular DEER distances for each spin-label attached to GCAP5 (Fig. 3.3.14 and Table 

3.3.2) were used as distance restraints within HADDOCK 113 to calculate the structure of the 

GCAP5 dimer as described in Methods. The measured DEER distances (Table 3.3.2) for the most 

part agree within experimental error with the calculated intermolecular distances in the GCAP5 

dimer model (Fig. 3.3.16A).  The apparent deviation between the calculated versus observed 

distances for Cys15 and Cys17 (important for Fe2+ binding 88) might reflect the dynamic disorder 

for these residues in the absence of Fe2+.  

 

Fig. 3.3.15. Symmetric dimer structure of GCAP1. (A) Ribbon diagram of GCAP1 as a 
symmetric dimer based on the EPR-DEER intermolecular distances measured for nitroxide-spin 
labeled mutants as described62. (B-C) Expansion view of the dimeric interface with hydrophobic 
intermolecular contacts between resides in red (H19, Y22, F73, V77 and W94). Mutations at the 
dimeric interface in GCAP1 were shown to disrupt dimerization and weaken cyclase activation62. 
Figure modified from (Lim et al, 2018). 
 

Similar to the symmetrical model of dimeric GCAP1 reported by Lim et al62, the structure 

of the GCAP5 dimer (Fig. 3.3.16A) contains conserved intermolecular contacts between mostly 
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hydrophobic residues (H18, Y21, M25, F72, V76 and W93) at the dimer interface (Fig. 3.3.15B-

C and Fig. 3.3.16A-B). The closest contacts are formed between the hydrophobic side chain atoms 

of H18, M25, F72, V76 and W93 (highlighted red in Fig. 3.3.16A).  The intermolecular contacts 

with V76 are consistent with the previous observation that a V77E mutation abolished dimerization 

of GCAP1 53. The aromatic side chain atoms of H18, Y21 (not shown), F72 and W93 make 

intermolecular contacts with each other at the dimer interface (Fig. 3.3.16B). The GCAP5 dimer 

is also stabilized by an intermolecular salt bridge between the side chain atoms of R22 and D71 

(Fig. 3.3.16C). The GCAP5 dimer (Fig. 3.3.16A) is structurally quite similar to the dimeric 

structural model reported recently for GCAP1 (Fig. 3.3.15A)62. 

  

Fig. 3.3.16. Dimeric structure of GCAP5.  (A) Ribbon diagram of dimeric GCAP5 calculated 
based on the EPR-DEER intermolecular distances in table 3.3.2. Monomeric units are colored in 
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cyan and yellow while representing EPR-DEER mutants in pink and dimerization site in red. (B) 
Expansion view of residues at the dimerization site (H18, F72 and W93) consistent with previously 
GCAP1 dimer (H19, F73 and W94). (C) Intermolecular salt bridge observed between in R22 and 
D71 in GCAP5 dimer 101. 
 
 Interestingly, Cys15 and Cys17 reported an intermolecular distance of 32 and 28 Å (Fig. 

3.3.17), respectively, indicating these residues are not spatially close in the dimer, in contrast to 

what was reported for a previous structural model of the Fe2+-bound GCAP5 dimer 88, 100. This 

critical difference in the intermolecular distances for Cys15 and Cys17 suggests an Fe2+-induced 

conformational change at the dimeric interface 101. 

 

Table 3.3.2. Molecular docking statistics for GCAP5 by EPR-DEER 

Residue (Sg atom) DEER distance (Å) Calculated distance (Å) 

C15 25 ± 6 32 

C17 17 ± 2 28 

T26C 17 ± 5 16 

C28 16 ± 1 21 

N56C 52 ± 3 52 

C69 41 ± 3 39 

C105 33 ± 5 41 

N139C 55 ± 4 57 

E152C 45 ± 5 42 

E156C 43 ± 5 37 

S159C 41 ± 3 42 
 

HADDOCK Energy 
 

-181.3 ± 5.8 
 

- 

RMSD (Å) 0.9 ± 0.6 - 

Cluster size  10 - 
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Fig. 3.3.17. Structural model of dimeric GCAP5 by EPR-DEER analysis. Main chain structure 
of Mg2+-bound dimeric GCAP5 with C15 (red) and C17 (yellow) represented in sticks. Model 
shows large distance between C15 and C17 per monomer (32 and 28 Å, respectively) and is 
structurally different from reported GCAP5 homology dimer 88, 101. 
 

Validation of Dimeric GCAP5 Structure by Site-directed Mutagenesis  

 The key residues at the dimeric interface (H18, Y21, R22, M25, D71, F72, V76, and W93) 

were mutated to validate the dimeric structure of GCAP5 to the following constructs: H18E, 

H18E/Y21E, R22D, D71A, F72E, V76E, and W93E 62, 101. The corresponding residues in GCAP1 

were conserved at the dimeric interface (Y22E, M26E, F73E, V77E, and W94E) and confirmed to 

weaken dimer stabilization and abolish cyclase activation (see fig. 3.3.8. and 3.3.16) 62, 101. Fig. 

3.3.18 shows that the GCAP5 dimerization site mutants (D71A, F72E, V76E, and W93E) were 

expressed as insoluble and aggregated protein (termed inclusion bodies) as shown in total lysate 

and supernatant lanes by SDS-PAGE screening. As a result, this low solubility of the select 

Cys15 

Cys15 

Cys17 

Cys17 
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dimerization mutants suggests that the mutations may have caused protein unfolding due to the 

destabilization the dimer interface in GCAP5 (fig. 3.3.18). However, GCAP5 dimerization site 

double mutant (H18E/Y21E) and single mutants (R22D and M25E) were more soluble than the 

rest (see fig. 3.3.18) and were used for validation of dimeric GCAP5 by SEC-MALS analysis 101. 

 
Fig. 3.3.18. SDS-PAGE of GCAP5 dimerization site mutants. Representative mutants were 
screened by SDS-PAGE for expression in the following: D71A, F72E, W93E, R22D, and M25E. 
For every mutant, TL is the total lysate and S is the supernatant after centrifugation. All mutants, 
except for R22D and M25E, were shown to form inclusion bodies while R22 and M25E are more 
soluble than other mutants.  
 
 
Characterization of GCAP5 Dimerization Mutants 

The more soluble GCAP5 dimerization mutants, H18E/Y21E, R22D and M25E, were 

overexpressed and purified as previously described 88, 100, 101. These mutants were heterogenous 

throughout the purification, however, I was able to isolate and resolve a fraction of GCAP5 



 

 78 

mutants used for NMR and SEC-MALS to validate the dimeric structure by determining the 

molecular weight via SEC-MALS analysis. 

Purification of all soluble GCAP5 dimerization mutants were lower-yielding than wild-

type and EPR-DEER mutants, which made it challenging to isolate a highly homogenous sample 

for NMR and SEC-MALS analyses. The double mutant (H18E/Y21E), as shown in fig. 3.3.19, 

shows heterogeneity seen on Q anion-exchange chromatogram, identifying two different GCAP5 

species (fraction #12-13 and #15-18) unlike wild-type studies. Fig. 3.3.19 detected higher 

molecular weight impurities and/or stubborn aggregates by gel that was seen across all 

purification. In addition, GCAP5M25E dimerization site exhibited similar purification results as the 

double mutant. 

 

 

 

 

 
 
 
 
 
 
 
 
 

Fig. 3.3.19. GCAP5H18E/Y21E dimerization site mutant FPLC and SDS-PAGE. FPLC 
Chromatograms (Q IEC (left) and SEC (right)) as a monomer and gel profile showing 
heterogeneity in dimerization site mutant H18E/Y21E seen across purification. L is total lysate, S 
is supernatant after centrifugation, fractions #3-5 represent HIC, fractions #12-20 represent Q IEC, 
and fractions #41-44 represent SEC. 
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The dimerization mutant, GCAP5R22D, involved in an intermolecular salt bridge between 

D71 unique to GCAP5 homolog is thought to also stabilize dimerization as well. Fig. 3.3.20 shows 

a more soluble mutant that yielded a highly purified and homogenous sample, which was also 

observed in SEC-MALS analysis. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3.3.20. Purification and SDS-PAGE of GCAP5R22D dimerization site mutant. FPLC 
chromatograms (Q (left) and SEC (right))  as a monomer and gel profile shows well-resolved and 
high-yielding purification. L is total lysate, S is supernatant after centrifugation, fractions #3-5 
represent HIC, fractions #12-20 represent Q IEC, and fractions #41-43 represent SEC. 
 

15N-labeled GCAP5M25E and GCAP5H18E/Y21E samples were analyzed by NMR to detect 

any differences from wildtype studies. The HSQC of the 15N-labeled GCAP5M25E observed a 

similar HSQC spectrum, however, peak broadening was observed in residues at or near 

dimerization site and suggest the mutation might have weakened dimerization (fig. 3.3.21A) 101. 

Moreover, the HSQC of GCAP5H18E/Y21E unveiled a mixture of oligomers of GCAP5 present in 

the sample (fig. 3.3.21B) 101. The most downfield peak assigned to G68 (labeled and circled in fig. 
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3.3.20A/B) exhibited four other peaks, which confirmed the double mutant sample is heterogenous 

101. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3.21. 15N HSQC spectra overlay of dimerization site mutants and wildtype GCAP5. 
(A) 15N-labeled GCAP5M25E (red) and (B) 15N-labeled GCAP5H18E/Y21E (red) both overlaid with 
GCAP5 wildtype (black). Both mutants exhibit peak broadening at or near the dimeric site, and 
higher order oligomers observed in the double mutant sample (H18E/Y21E) 101. 
 
 

In addition to the NMR analysis of the dimerization mutants, I also performed SEC-MALS 

analysis to quantify the absolute molar mass to determine whether these mutants affect the 

dimerization of GCAP5. Similar to previous GCAP1 studies, corresponding residues at the dimer 

interface (Y22E, M26E, F73E, V77E, and W94E) were proven to weaken the dimerization and 

abolish cyclase activation 62. According to SEC-MALS, both mutants (H18E/Y21E and R22D) of 

GCAP5 were quantified to have a molar mass of around 23 kDa, which verifies that these mutants 

disrupted the dimeric structure of GCAP5 (fig. 3.3.22) 101. 
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Fig. 3.3.22. Batch-mode and SEC-MALS analysis of GCAP5H18E/Y21E and GCAP5R22D.  Batch-
mode MALS and Zimm plot of (A-B) the double mutant H18E/Y21E quantified as 24 ± 2 kDa 
and (C-D) SEC-MALS and Zimm plot of the R22D mutant quantified as 28 ± 4 kDa 101. 
 
3.4 Discussion 

Fe2+-bound GCAP5 Inactivates RetGC in Zebrafish Phototransduction 

 Dr. Koch’s in vitro functional studies on the cyclase regulation by GCAPs confirmed that 

Fe2+ binding to GCAP5 (ligated to non-conserved Cys15 and Cys17) caused a ten-fold decrease 

in cyclase activation (fig. 3.3.1) 88. However, these experiments were done with recombinant 

mammalian cyclase (GC-E) that exhibited Fe2+-induced inhibition by both bovine GCAP1 and 

zebrafish GCAP5 (fig. 3.3.1 and 3.4.1) 88. The Fe2+-induced inactivation of the cyclase in the 
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A B 
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presence of Ca2+-free GCAP1 is likely an artifact of Fe2+ binding to the EF-hands of GCAP1, 

because Fe2+ can mimic Ca2+ binding to the EF-hands.  The Fe2+ binding to the EF-hands of GCAPs 

is most likely not physiologically important, because physiological Fe2+ levels are too low to 

enable the relatively low affinity Fe2+ binding to the EF-hands. By contrast, the potent 10-fold 

inhibition of the cyclase caused by Fe2+-binding to GCAP5 is suggested to be physiologically 

relevant, because Fe2+ can bind to GCAP5 under physiological conditions in the nanomolar range. 

Surprisingly, wildtype GCAP5 did not exhibit a typical Ca2+-sensitive regulation of the cyclase 

(fig. 3.3.1) in contrast to that of GCAP1 (Fig 3.4.1). This is in stark contrast to the GCAP5 double 

mutant (Cys15A/Cys17A), which restored the Ca2+-dependent regulation of the cyclase. These 

results suggest that Fe2+ binding to GCAP5 may somehow prevent the Ca2+-induced 

conformational changes in GCAPs that regulate the cyclase, and Fe2+ binding to GCAP5 may serve 

to constitutively inactivate the cyclase (fig. 3.3.1) 88.  Future studies are needed to determine the 

atomic level structure of GCAP5 with both Fe2+ and Ca2+ bound to better understand how Fe2+ 

binding might be allosterically coupled to Ca2+ binding. 

 
Fig. 3.4.1. Fe2+ induced inhibition observed in GCAP1. Gray bars indicated cyclase activity at 
low Ca2+ levels (10 nM).  Black bars indicate cyclase activity at high Ca2+ levels (1.5 µM). 
Addition of Fe2+ in bovine GCAP1 caused a decrease in cyclase activation, which may suggest 
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Fe2+ binding to EF-hands to mimic Ca2+-induced inhibition88. Figure previously published from 
(Lim et al, 2017) DOI:10.1021/acs.biochem.7b01029. 
 

Structural Model of Fe2+-bound GCAP5 

A structural model of Fe2+-bound GCAP5 dimer was proposed previously 88, which is 

hypothesized to form a 98 complex with a single bound Fe2+ ligated by the four sulfur atoms from 

Cys15 and Cys17 in a symmetric dimer (Fig. 3.4.2). A similar 98 structural motif was reported 

previously in the crystal structures of rubredoxin 98 and a two-iron superoxide reductase 117. 

However, my SEC data on GCAP5 (Fig. 3.3.4) indicate that both Fe2+-free and Fe2+-bound GCAP5 

exist as a dimer in solution, which indicates that GCAP5 dimerization does not require Fe2+ 

binding.  A structural model of the Fe2+-bound GCAP5 homology dimer88 (Fig. 3.4.2) suggests 

intermolecular protein hydrophobic contacts (between His18 and Val76) as well as an 

intermolecular hydrogen bond (between Lys84 and Gln88) may also stabilize GCAP5 as a pre-

formed protein dimer in the Fe2+-free state. The intermolecular contact involving Val76 was also 

implicated in the dimerization of GCAP1, because mutating this Val residue to Glu abolishes 

dimerization of GCAP153. 

The bound Fe2+ in GCAP5 is coordinated by four cysteinyl thiolate atoms that is quite 

similar to the structure of a bound Zn2+ in a Cys4 zinc finger motif (Fig. 3.4.2) 118.  This structural 

similarity suggests that Zn2+ might bind to GCAP5 in place of Fe2+ at the high affinity site. Zn2+ 

is transported into retinal photoreceptor cells and has been suggested to play a role in 

phototransduction 119.  Future studies are needed to probe whether Zn2+ can replace Fe2+ and bind 

with nanomolar affinity to GCAP5.  If so, then it will be interesting to test whether Zn2+ binding 

to GCAP5 (like Fe2+ binding) can also regulate zGCs during visual phototransduction. 
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Fig. 3.4.2 Structural model of Fe2+-bound GCAP5 dimer. Model of dimeric Fe2+-bound GCAP5 
based on the crystal structure of Ca2+-bound GCAP1 (PDB ID: 2R2I) and iron-sulfur distances set 
to 2.35 ± 0.05 Å from rubredoxin (PDB ID: 1FHM) 88.  
 

Fe2+-induced Conformational Changes in GCAP5 

The structure of the Ca2+-free/Fe2+-free/Mg2+-bound GCAP5 dimer (Fig. 3.3.15 and 3.3.16) 

is quite different from a structural model of the Fe2+-bound GCAP5 dimer proposed previously 

(Fig. 3.4.2) 88. In the Fe2+-bound GCAP5 dimer, a single Fe2+ is chelated by the sulfhydryl side 

chains of Cys15 and Cys17 from each subunit of the GCAP5 dimer so that the intermolecular 

distance of the sulfhydryl atoms for Cys15 is less than 8 Å apart (see double arrow in Fig. 3.4.3).  

By stark contrast, in the Fe2+-free GCAP5 dimer, the intermolecular distance of nitroxide spin-

label attached to Cys15 is 24 Å.  The much larger intermolecular distance for Cys15 in the Fe2+-
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free GCAP5 dimer suggests that Fe2+ binding to the GCAP5 dimer may cause the two protein 

subunits within the dimer to rotate with respect to one another as illustrated in Fig. 3.4.3.  This 

Fe2+-induced rotation of the two protein subunits in the GCAP5 dimer dramatically alters the 

exposure of residues (P29, S30, G31 and M73 highlighted by red ovals in Fig. 3.4.3) that have 

been implicated in binding to guanylate cyclase 54. I propose that the Fe2+-dependent exposure of 

the cyclase binding site residues may explain how Fe2+-binding to GCAP5 prevents its activation 

of guanylate cyclase. Future studies are needed to determine the atomic resolution structures of 

Fe2+-bound GCAP5 and GCAP5 bound to guanylate cyclase to further test this model. In addition, 

a future experiment that combines NMR and small angle X-ray scattering (SAXS) analysis may 

allow us to confirm if there is indeed a Fe2+-induced rotation at the dimeric interface of GCAP5 as 

I have proposed below (Fig. 3.4.3.). 

 
Fig. 3.4.3. Fe2+-induced rotation at the dimeric interface in GCAP5. A representation of Fe2+-
induced conformational changes in GCAP5 that depicts the binding interactions of the dimeric site 
residues (H18, Y21, M25, F72, V76, and W93) represented by the red ovals and the current 
mapping of the cyclase binding site in GCAP5 (dashed circle) 101. 
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Functional Implications for the Dimerization of GCAP Proteins 

RetGC is a functional dimer (Fig. 1.4.6) that is believed to form a 2:2 complex with dimeric 

GCAPs 62, 120, 121. The GCAP proteins (GCAP1 and GCAP5) dimerize in solution in the absence 

of RetGC, and the dimerization of GCAPs is essential for their ability to activate RetGC 62.  The 

dimeric structures of GCAP1 62 and GCAP5 (this study) both reveal exposed hydrophobic residues 

at the dimer interface (H19, Y22, F73, V77, and W94) that are essential for dimerization.    In 

particular, the V77E mutant in GCAP1 abolishes dimerization and the structure of the monomeric 

V77E mutant was solved by NMR 53, 62.  The dimeric structures of GCAP1 and GCAP5 are overall 

quite similar and contain the same hydrophobic residues at the dimerization site (H18, Y21, M25, 

F72, V76 and W93) as seen in fig. 3.3.15A/B 62, 101. The dimerization site mutations (H19E, Y22E, 

M26E, F73E, V77E and W94E) in GCAP1 were shown previously to weaken dimerization and 

abolish activation of the cyclase 62. The corresponding mutations in GCAP5 (H18E, Y21E, M25E, 

F72E, V76E and W93E) were also proven to weaken protein dimerization (Fig. 3.3.21). The F72E, 

V76E and W93E mutants in GCAP5 were insoluble (fig. 3.3.17) and suggest that these mutations 

may have caused protein unfolding by destabilizing the GCAP5 dimerization. Of the GCAP5 

dimerization site mutants I created, there were only three that were soluble enough to move 

forward with analysis: H18E/Y21E, R22D and M25E 101. These soluble mutants were quantified 

to be monomeric (23-kDa) by SEC-MALS (fig. 3.3.21) as compared to the dimeric wild type 

GCAP5 (42-kDa) 88, 101. Additionally, the 1H-15N HSQC spectra of the double mutant 

(H18E/Y21E) and M25E exhibited selective NMR peak broadening of residues in the dimerization 

site (shown in fig. 3.3.20), which could be due to a weakening of the dimerization 101.  

 An important structural difference between the dimeric forms of GCAP1 and GCAP5 is 

that the GCAP5 dimer is stabilized by an intermolecular salt bridge between R22 and D71 (Fig. 
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3.3.15C) that is not seen in the GCAP1 dimer structure, perhaps because R22 in GCAP5 is replaced 

with a lysine in GCAP1.  Slight differences in the quaternary structures of dimeric GCAP1 and 

GCAP5 may explain the 3 Å increase in the intermolecular distance between K22 and D71 in 

GCAP162 compared to the much shorter salt bridge distance in GCAP5 (Fig. 3.3.15C).  We suggest 

that this difference in quaternary structure for GCAP1 and GCAP5 might explain why GCAP1 is 

3-fold more potent at activating guanylate cyclase 88.   

The dimerization site mutants in GCAP1 (H19E, Y22E, M26E, F73E, V77E and W94E) 

weaken dimerization and disrupt functional contacts to the cyclase. Intriguingly, the point mutation 

H19Y in human GCAP1 was discovered in patients who suffer from retinitis pigmentosa (RP) 101, 

122. RP is a group of rare, inherited diseases associated to progressive retinal degeneration and may 

cause impairment in peripheral and night vision 123. Abbas et al discovered that the H19Y point 

mutation in GCAP1 causes a disruption in the Ca2+ binding of GCAP1 and in turn changes the 

dimerization and overall cyclase activation 101, 122. Hence, the H19Y point mutation in GCAP1 and 

any mutations at the dimeric interface in GCAP1 and GCAP5 are hot spot residues that could 

provide insights into designing drugs to target these retinal degenerative diseases.   
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Appendix 
 
Buffer Recipe 
 
Listed below are common buffers and solutions I have used for protein sample preparations 
(expression, purification, etc.). All growth media are autoclaved and buffers are filtered before 
use.  
 
Luria Broth (LB): 25 g/1 L MQ-H2O 
Minimal 9 (M9): Buffer prepared in two-part process 

Part I: 12.66 g Na2HPO4•7H2O  0.50 g Nacl 
      3.00 g KH2PO4   1.00 g NH4Cl (unlabeled or 15N-labeled) 
          Part II:    1 mL of 1M MgSO4 stock  50 µL of 1M CaCl2 
   20 mL glucose (3-4 g/20 mL)* 1000x antibiotics 
                           1 mL trace metals* 

1. Prepare part I with ~980 mL MQ-H2O and autoclave. 
2. Part II stock solutions must be filtered before adding to part I.  
3. If glucose is unlabeled, dissolve 4 g in 20 mL MQ-H2O. If glucose is 13C-labeled, 

dissolve 3 g in 20 mL MQ-H2O 
 
KCl/lysis buffer: 20 mM Tris-HCl (pH 8.3), 0.1 M KCl, 0.35 M (NH4)2SO4, 2 mM EGTA, 1 mM 
DTT, 10% glycerol, 0.1 mM PMSF 
 
TEM/lysis buffer: 10 mM Tris-HCl (pH 8.3), 0.5 mM EDTA, 14 mM BME 
 
TEM/8 M urea buffer: 10 mM Tris-HCl (pH 8.3), 2 mM EDTA, 14 mM BME, 8M urea 
 
NMR tris/D2O buffer (pH 7.4): 10 mM Tris-d11, 3 mM DTT-d10, 50 µM EDTA-d12, 0.04% w/v 
NaN3, and 93% H2O/7% D2O 
 
NMR MES buffer (pH 6.5): 5 mM MES, 3 mM dithiothreitol-d10 (DTT-d10), 2 mM MgCl2, 
0.04% w/v NaN3, and 93% H2O/7% D2O 
 
1000x Ampicillin stock: 100 mg/mL MQ-H2O 
1000x Kanamycin stock: 50 mg/mL MQ-H2O 
1M DTT: 1.542 g/10 mL MQ-H2O                (MW = 154.253 g/mol) 
1M IPTG: 2.3831 g/10 mL MQ-H2O                (MW = 238.31 g/mol) 
Myristic acid: 10 mg/1 mL pure ethanol 
5M NaCl: 292.2 g/1 L MQ-H2O                    (MW = 58.44 g/mol) 
3M KCl: 223.653 g per 1 L MQ-H2O                 (MW = 74.551 g/mol) 
8M Urea: 480.48 g per 1 L MQ-H2O                   (MW = 60.06 g/mol) 
4M (NH4)2SO4 (pH X): 528.56 g per 1 L MQ-H2O                          (MW = 132.14 g/mol) 
0.5 M EGTA (pH 8.0): 190.18 g per 1 L MQ-H2O                                     (MW = 380.35 g/mol) 
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Single or Double Transformation (DH5a or BL21(DE3)) 
 

1. Thaw bacteria competent cells (50 µL) and plasmid DNA on ice for ~10-30 minutes.  

2. Add 1-5 µL plasmid DNA (up to ~100 ng) into competent cells and mix gently by flicking 

bottom of the tube. 

3. Incubate transformation tube on ice for 30 minutes.  

4. Heat shock by placing transformation tube in a 42°C dry bath for 45 seconds (do not go 

over 60 seconds). 

5. Let it cool on ice for 2 minutes. 

6. Add 150-400 µL SOC or LB media (without antibiotic) to the transformation tube and 

incubate in 37°C shaking incubator for 1 hour minimum.  

7. Plate 100-250 µL transformed cells onto LB agar plate with appropriate antibiotic(s). 

8. Incubate plate at 37°C overnight (12-18 hours). 

 
Preparation of Glycerol Stocks 
 
General Protocol for GCAPs E. coli glycerol stocks for GCAP5 Protein Expression 

1. Choose an isolated colony on LB-agar/antibiotics plate. Inoculate in a 2 mL autoclaved LB 

and 1000x filtered antibiotic(s). (GCAPs require NMT – ampicillin and kanamycin 

needed). Incubate the pre-/starter culture at 37°C in a shaking incubator until OD600 is 1.0. 

2. Inoculate the preculture into a 10 mL autoclaved LB with filtered 1000x antibiotics and 

incubate the expansion/main culture at 37°C in a shaking incubator until OD600 is 1.2. 

3. Stop incubation and add 2 mL 80% glycerol to main culture (glycerol is a cryoprotectant). 

Bacteria can be stored in 15-25% glycerol.   

4. Aliquot to 1mL stocks in labeled cryogenic tubes and flash freeze with liquid N2 before 

storing in -80°C freezer.  

 

Fast Protein Liquid Chromatography 
 
After cells have been lysed and protein of interest is isolated by ultracentrifugation, protein is 

purified using AKTA FPLC systems. Below is a general protocol on how to wash and equilibrate 

FPLC for protein purification. 
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1. Turn purge ON for pumps A and B. Click end when finished (flow = 0.0 mL/min). 

2. Wash lines with filtered MQ-H2O with the following parameters: 

a. Flow = 2.0 mL/min 

b. Column position = 8 

c. End timer (volume) = 2 CV  

3. Attach the desired column at previously washed line (from step 2) and wash again with 

column attached with the same parameters from step 2. 

4. Manually wash sample inlet/line by removing tube from injection valve. Attach plastic 

syringe with MQ-H2O and flow through. Re-attach tube to injection valve before removing 

syringe. 

5. Directload_960 (1-2 mL/min, ~10-20 mL) with MQ-H2O and then buffer A.  

6. Transfer pumps A and B to running and elution buffers, respectively. Turn purge ON for 

pumps A and B. Click end when finished.  

7. Click RUN to start. Select appropriate method for purification. 

 
Regenerating FPLC Columns on the lab bench 
 
To ensure no cross-contamination occurs between different protein purification(s), regenerating 

FPLC columns such as HIC and Q are highly recommended to preserve the column’s efficiency 

and reliability during an extended period of time. After every FPLC run, column is assumed 

contaminated with trace amounts of impurities (salts, proteins, buffers, etc.) and hence, it is vital 

to regenerate columns before utilizing them with a new protein purification. 

 

Although there are several protocols for regenerating columns that can be found online, this is 

what I have followed throughout my graduate research (suggested CV below are my recommended 

minimum): 

 
HIC (~20 ml = 1 CV):          1.  2-4 CV MQ-H2O 
                                               2.  2-3 CV 8 M urea (filtered) 
                                               3.  4-5 CV MQ-H2O 
                                               4.  1-2 CV 20-50% ethanol 
                                               5.  3-4 CV MQ-H2O 
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Q (~5 ml = 1 CV):                1.  2-4 CV MQ-H2O 
                                               2.  2-3 CV 8 M urea + 1M NaCl (filtered) 
                                               3.  4-5 CV MQ-H2O 
                                               4.  1-2 CV 20-50% ethanol 
                                               5.  3-4 CV MQ-H2O 
 
After every regeneration done on the lab bench, wash the column twice with (a) MQ-H2O and (b) 

running buffer once attached to FPLC instrument (flow = 2 mL/min, ~2-3 CV). 
 
For SEC column, wash the attached column with at least 2 CV MQ-H2O overnight or at the day 

of use. Set equilibrate column value to 2-3 CV for equilibrating the column with elution buffer 

before sample run.  

 
Multi-angle light scattering (MALS) 
 
Light scattering is a precise method to determine the molecular weight of protein of interest. There 

are two modes couple MALS: size exclusion (SEC-MALS) and batch-mode MALS. 

 
SEC-MALS General Protocol 

1. Turn COMET (sonicator) ON overnight to clean the flow cell. Turn OFF before the 

experiment. 

2. Turn laser ON 30 minutes to an hour before experiment. 

3. Turn MALS purge ON and wash MALS sample cell by FPLC:  

a. Flow rate: 0.5 mL/min 

b. Column position: 3  

c. Outlet position: F7  

d. End timer (volume): 50 mL minimum 

4. Equilibrate MALS by FPLC: 

a. Flow rate: 0.5 mL/min 

b. Column position: 3  

c. Outlet position: F7  

d. End timer (volume): 50 mL minimum 

5. Set up new experiment run: file > new > from default 

6. Before running experiment, turn purge OFF. 



 

 92 

7. Set the following FPLC parameters after sample loaded: 

a. Flow rate: 0.5 mL/min 

b. Column position: 3  

c. Outlet position: F7  

d. End timer (volume): 50 mL minimum 

8. Click start experiment. Switch FPLC injection valve to INJECT and then press OK on 

MALS to begin. 

 

FPLC sample loading: 

1. Wash sample loop (1-5 mL) with filtered MQ-H2O. 

2.  Attach a 1 mL syringe on flow-out tube to close system. 

3. Switch injection valve to INJECT before removing syringe containing MQ-H2O. 

4. Swap with 1 mL syringe with filtered protein sample. Switch injection valve back to 

LOAD.  

5. Manually load/inject sample in sample loop slowly. 

 

Batch-mode MALS 

1. Repeat general protocol #1-2 (turn ON comet overnight and turn ON laser ½-1 h before 

experiment).  

2. Attach outlet valve #7 (or FPLC outlet valve line connected to FPLC and MALS) with a 

0.22 µM filter and syringe. Ensure MALS purge is ON. 

3. Storage solution is 20% ethanol. Run 2-3 10 mL B-D syringe with filtered MQ-H2O using 

syringe pump. Repeat washing with desired loading/blank buffer. Check miniDAWN for 

baseline stability. Stop washing when baseline stabilizes within ~0.015 V and noise is 

below 0.1 mV for good equilibrium.  

a. Set up syringe pump: 

i. Click on rate and use any of the arrows to change units (i.e. ml/min, µl/min, 

etc.). Then, use arrow to set rate (i.e. 0.5 ml/min). Wait for LED to stop 

blinking.  

ii. Click on diameter and set diameter of syringe in use (refer to the back page 

of syringe pump manual for diameter). 
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iii. To run water through MALS via syringe pump, click START. Press STOP 

when syringe is near empty. 

iv. DO NOT LEAVE SYRINGE PUMP ON WHEN SYRINGE IS EMPTY. 

4. Set up experiment on ASTRA: file > new > from default. 

5. When baseline is flattened and/or < 0.015 mV noise, you may run experiment. 

6. Click on run on ASTRA and start for injection. Then, click on START on syringe pump.  

a. Run 1 syringe of loading buffer before and after sample injection.  

b. You may stop syringe pump when needed (i.e. change buffer to sample, change 

syringe diameter and rate) 

7. When finished, run MQ-H2O 2-3 times to rinse instrument and then 20% ethanol for 

storage. 

 
EPR-DEER sample preparations 
 
If the protein of interest is predicted to be a dimer, EPR-DEER studies provide additional distance 

restraints to aid in calculating the dimeric structure via online structural analysis software (i.e. 

HADDOCK). EPR-DEER samples must contain only one cysteine per monomer and require 3-4 

days of preparation, which includes multiple buffer exchanges/dialysis and reaction for the 

nitroxide-spin labeling.  

 
Day I: Initial buffer exchange/dialysis 
 
After final purification via FPLC (protein sample in SEC buffer: 20 mM Tris, 0.1 M NaCl, 1 mM 

DTT, pH 8.3), an initial buffer exchange is done overnight in EPR-DEER day I buffer at 4°C with 

stirring. 

 
Day I Buffer:     
 
Final concentration 4 L 8 L 
20 mM Tris-HCl (pH 7.5) 80 mL 160 mL 
TCEP 0.8 mL 1.6 mL 

 
      
 
 
 



 

 94 

Day II-III: Nitroxide-spin labeling and > 24 hour dialysis 
 
After a preliminary dialysis, day II-III focuses on attaching the nitroxide spin-label to the single 

cysteine protein and further dialysis to remove unwanted impurities, solvents, salts, etc.  

 

1. Measure protein concentration at 280 nm. 

2. Add 20-50x MTSSL (40 mM stock in DMSO) in reaction tube and let it sit on ice for 30 

minutes. 

3. Transfer nitroxide-spin labeled protein in fresh and hydrated dialysis membrane. 

4. Perform 2 x 4L dialysis at 4°C with spinning: (a) 3-5 hours and (b) over > 24 hours. 

 
Day II Buffer: 
 
Final concentration 4 L 8 L 
20 mM Tris-HCl (pH 7.5) 80 mL 160 mL 

 
Day IV: Sample preparation 
 
Before exchanging nitroxide-spin labeled protein into DEER buffer, excess spin must be removed. 

This is done by 5-10x buffer wash with day II buffer using a 15 mL Amicon spin concentrator (10 

kDa cutoff).  

 
Final concentration 50 mL 
10 mM Tris-d11 66.1 mg 
2 mM MgCl2 0.1 mL (1M MgCl2 in D2O) 
99.9% D2O 49.85 mL 

 
EPR-DEER sample is exchanged into a 99.9% D2O/Tris-d11 buffer at a minimum of 2x5mL 

before sample is transferred to an Eppendorf tube for sendoff for EPR-DEER measurements. 

Sample must be at least 150 µL with 50-150 µM protein. Ideally, I send ~1 mL of labeled protein 

(200 – 500 µM) and 1 mL DEER D2O buffer without glycerol-d8 (collaborator adds 

cryoprotectant before freezing sample). 
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xPlor-NIH 
 
Refinement script used for GCAP5 is provided below. There were 6 input files needed to run 

GCAP5 refinement calculations: mg2.par, myr.top, GCAP5-homology.pdb (can use structure from 

an annealment calculation), dihedral.tbl, NOEs.tbl, and RDCs.tbl.  

 
To run the refinement calculation, use command: xplor -smp 2 -py -o refine.out refine.py 
 
refine.py 
 
xplor.requireVersion("2.34") 
 
# 
# slow cooling protocol in torsion angle space for protein G. Uses  
# NOE, RDC, J-coupling restraints. 
# 
# this version refines from a reasonable model structure. 
# 
# CDS 2005/05/10 
# 
 
 
(opts,args) = xplor.parseArguments(["slow"]) # check for command-line typos 
 
quick=True 
for opt in opts: 
    if opt[0]=="slow":  #specify -slow for full calc 
        quick=False 
        pass 
    pass 
 
 
outFilename = "SCRIPT_STRUCTURE.sa" 
numberOfStructures=100 
 
if quick: 
   numberOfStructures=100 
   pass 
 
# protocol module has many high-level helper functions. 
# 
import protocol 
protocol.initRandomSeed(3421)   #explicitly set random seed 
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# 
# annealing settingsl 
# 
 
command = xplor.command 
protocol.initTopology("myr.top") 
protocol.initParams("mg2.par") 
protocol.initParams("protein") 
 
import psfGen 
psfGen.residueTypes['protein'].append('MYR') 
psfGen.residueTypes['protein'].append('MGL') 
 
# generate PSF data from sequence and initialize the correct parameters. 
# 
#from psfGen import seqToPSF 
#seqToPSF('gcap5-deleted180-198.seq') 
#protocol.initStruct("gcap5.psf") # - or from file 
 
# generate a random extended structure with correct covalent geometry 
#  saves the generated structure in the indicated file for faster startup 
#  next time. 
# 
#protocol.genExtendedStructure("gb1_extended_%d.pdb" % 
#                              protocol.initialRandomSeed()) 
 
# or read an existing model 
# 
protocol.loadPDB("myrH-mg-gcap5H-2r2iHomology-correctedG2_MYRC1-1to184.pdb") 
xplor.simulation.deleteAtoms("not known") 
 
protocol.fixupCovalentGeom(maxIters=100,useVDW=1) 
 
# 
# a PotList contains a list of potential terms. This is used to specify which 
# terms are active during refinement. 
# 
from potList import PotList 
potList = PotList() 
 
# parameters to ramp up during the simulated annealing protocol 
# 
from simulationTools import MultRamp, StaticRamp, InitialParams 
 
rampedParams=[] 
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highTempParams=[] 
 
# compare atomic Cartesian rmsd with a reference structure 
#  backbone and heavy atom RMSDs will be printed in the output 
#  structure files 
# 
#from posDiffPotTools import create_PosDiffPot 
#refRMSD = create_PosDiffPot("refRMSD","name CA or name C or name N", 
#                          pdbFile='myrH-gcap5H-2r2iHomology-correctedG2_MYRC1.pdb', 
#                          cmpSel="not name H*") 
 
# orientation Tensor - used with the dipolar coupling term 
#  one for each medium 
#   For each medium, specify a name, and initial values of Da, Rh. 
# 
from varTensorTools import create_VarTensor 
media={} 
#                        medium  Da   rhombicity 
for (medium,Da,Rh) in 124: 
    oTensor = create_VarTensor(medium) 
    oTensor.setDa(Da) 
    oTensor.setRh(Rh) 
    media[medium] = oTensor 
    pass 
     
 
# dipolar coupling restraints for protein amide NH.   
# 
# collect all RDCs in the rdcs PotList 
# 
# RDC scaling. Three possible contributions. 
#   1) gamma_A * gamma_B / r_AB^3 prefactor. So that the same Da can be used 
#      for different expts. in the same medium. Sometimes the data is 
#      prescaled so that this is not needed. scale_toNH() is used for this. 
#      Note that if the expt. data has been prescaled, the values for rdc rmsd 
#      reported in the output will relative to the scaled values- not the expt. 
#      values. 
#   2) expt. error scaling. Used here. A scale factor equal to 1/err^2 
#      (relative to that for NH) is used. 
#   3) sometimes the reciprocal of the Da^2 is used if there is a large 
#      spread in Da values. Not used here. 
# 
from rdcPotTools import create_RDCPot, scale_toNH 
rdcs = PotList('rdc')  
for (medium,expt,file,                 scale) in \ 
    [('phage','NH' ,'RDCs-mg-myr-gcap5-d3n-100819.tbl'       ,1) 
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    ]: 
   rdc = create_RDCPot("%s_%s"%(medium,expt),file,media[medium]) 
 
    #1) scale prefactor relative to NH 
    #   see python/rdcPotTools.py for exact calculation 
    # scale_toNH(rdc) - not needed for these datasets - 
    #                        but non-NH reported rmsd values will be wrong. 
    #3) Da rescaling factor (separate multiplicative factor) 
    # scale *= ( 1. / rdc.oTensor.Da(0) )**2  
   rdc.setScale(scale) 
   rdc.setShowAllRestraints(1) #all restraints are printed during analysis 
   rdc.setThreshold(1.5)       # in Hz 
   rdcs.append(rdc) 
   pass 
potList.append(rdcs) 
rampedParams.append( MultRamp(0.05,5.0, "rdcs.setScale( VALUE )") ) 
# 
# calc. initial tensor orientation 
# and setup tensor calculation during simulated annealing 
# 
from varTensorTools import calcTensorOrientation, calcTensor 
for medium in media.keys(): 
    calcTensorOrientation(media[medium]) 
    rampedParams.append( StaticRamp("calcTensor(media['%s'])" % medium) ) 
    pass 
 
# set up NOE potential 
noe=PotList('noe') 
potList.append(noe) 
from noePotTools import create_NOEPot 
for (name,scale,file) in [('all',1,"gcap5-noes-101019-ames.tbl"), 
                          #add entries for additional tables 
                          ]: 
    pot = create_NOEPot(name,file) 
    #pot.setPotType("soft") - #if you think there may be bad NOEs 
    pot.setScale(scale) 
    noe.append(pot) 
rampedParams.append( MultRamp(2,30, "noe.setScale( VALUE )") ) 
 
# set up J coupling - with Karplus coefficients 
#from jCoupPotTools import create_JCoupPot 
#jCoup = create_JCoupPot("jcoup","jna_coup.tbl", 
#                        A=6.98,B=-1.38,C=1.72,phase=-60.0) 
#potList.append(jCoup) 
 
# Set up dihedral angles 
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from xplorPot import XplorPot 
protocol.initDihedrals("gcap5dihedral_041219-edited061919.tbl", 
                      useDefaults=False  # by default, symmetric sidechain 
                                          # restraints are included 
                      ) 
potList.append( XplorPot('CDIH') ) 
highTempParams.append( StaticRamp("potList['CDIH'].setScale(10)") ) 
rampedParams.append( StaticRamp("potList['CDIH'].setScale(200)") ) 
#set custom values of threshold values for violation calculation 
 
potList['CDIH'].setThreshold( 5 ) #5 degrees is the default value, though 
 
 
 
# gyration volume term  
# 
# gyration volume term  
# 
from gyrPotTools import create_GyrPot 
gyr = create_GyrPot("Vgyr", 
                    "resid 1:181") # selection should exclude disordered tails 
potList.append(gyr) 
rampedParams.append( MultRamp(.002,1,"gyr.setScale(VALUE)") ) 
 
# hbda - distance/angle bb hbond term 
# 
#protocol.initHBDA('hbda_all.tbl') 
#potList.append( XplorPot('HBDA') ) 
 
#New torsion angle database potential 
# 
from torsionDBPotTools import create_TorsionDBPot 
torsionDB = create_TorsionDBPot('torsionDB') 
potList.append( torsionDB ) 
rampedParams.append( MultRamp(.002,2,"torsionDB.setScale(VALUE)") ) 
 
# 
# setup parameters for atom-atom repulsive term. (van der Waals-like term) 
# 
potList.append( XplorPot('VDW') ) 
rampedParams.append( StaticRamp("protocol.initNBond()") ) 
rampedParams.append( MultRamp(0.9,0.8, 
                              "command('param nbonds repel VALUE end end')") ) 
rampedParams.append( MultRamp(.004,4, 
                              "command('param nbonds rcon VALUE end end')") ) 
# nonbonded interaction only between CA atoms 
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highTempParams.append( StaticRamp("""protocol.initNBond(cutnb=100, 
                                                        rcon=0.004, 
                                                        tolerance=45, 
                                                        repel=1.2, 
                                                        onlyCA=1)""") ) 
 
 
potList.append( XplorPot("BOND") ) 
potList.append( XplorPot("ANGL") ) 
potList['ANGL'].setThreshold( 5 ) 
rampedParams.append( MultRamp(0.4,1,"potList['ANGL'].setScale(VALUE)") ) 
potList.append( XplorPot("IMPR") ) 
potList['IMPR'].setThreshold( 5 ) 
rampedParams.append( MultRamp(0.1,1,"potList['IMPR'].setScale(VALUE)") ) 
       
 
 
# Give atoms uniform weights, except for the anisotropy axis 
# 
protocol.massSetup() 
 
 
# IVM setup 
#   the IVM is used for performing dynamics and minimization in torsion-angle 
#   space, and in Cartesian space. 
# 
from ivm import IVM 
dyn = IVM() 
 
# initially minimize in Cartesian space with only the covalent constraints. 
#   Note that bonds, angles and many impropers can't change with the  
#   internal torsion-angle dynamics 
#   breaks bonds topologically - doesn't change force field 
# 
#dyn.potList().add( XplorPot("BOND") ) 
#dyn.potList().add( XplorPot("ANGL") ) 
#dyn.potList().add( XplorPot("IMPR") ) 
# 
#dyn.breakAllBondsIn("not resname ANI") 
#import varTensorTools 
#for m in media.values(): 
#    m.setFreedom("fix")                 #fix tensor parameters 
#    varTensorTools.topologySetup(dyn,m) #setup tensor topology 
# 
#protocol.initMinimize(dyn,numSteps=1000) 
#dyn.run() 



 

 101 

 
# reset ivm topology for torsion-angle dynamics 
# 
dyn.reset() 
 
#for m in media.values(): 
#   m.setFreedom("fixDa, fixRh")        #fix tensor Rh, Da, vary orientation 
#   m.setFreedom("varyDa, varyRh")      #vary tensor Rh, Da, vary orientation 
protocol.torsionTopology(dyn) 
 
# minc used for final cartesian minimization 
# 
minc = IVM() 
protocol.initMinimize(minc) 
 
#for m in media.values(): 
#   m.setFreedom("varyDa, varyRh")    #allow all tensor parameters float here 
#   pass 
protocol.cartesianTopology(minc) 
 
 
 
# object which performs simulated annealing 
# 
from simulationTools import AnnealIVM 
init_t  = 1000.     # Need high temp and slow annealing to converge            ###  DEFAULT IS 
3000 
cool = AnnealIVM(initTemp =init_t, 
                 finalTemp=25, 
                 tempStep =12.5, 
                 ivm=dyn, 
                 rampedParams = rampedParams) 
 
def accept(potList): 
    """ 
    return True if current structure meets acceptance criteria 
    """ 
    if potList['noe'].violations()>0: 
        return False 
    if potList['rdc'].rms()>1.2: #this might be tightened some 
        return False 
    if potList['CDIH'].violations()>0: 
        return False 
    if potList['BOND'].violations()>0: 
        return False 
    if potList['ANGL'].violations()>0: 
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        return False 
    if potList['IMPR'].violations()>1: 
        return False 
     
    return True 
 
def calcOneStructure(loopInfo): 
    """ this function calculates a single structure, performs analysis on the 
    structure, and then writes out a pdb file, with remarks. 
    """ 
 
    # initialize parameters for high temp dynamics. 
    InitialParams( rampedParams ) 
    # high-temp dynamics setup - only need to specify parameters which 
    #   differfrom initial values in rampedParams 
    InitialParams( highTempParams ) 
 
    # high temp dynamics 
    # 
    protocol.initDynamics(dyn, 
                          potList=potList, # potential terms to use 
                          bathTemp=init_t, 
                          initVelocities=1, 
                          finalTime=10,    # stops at 10ps or 5000 steps 
                          numSteps=5000,   # whichever comes first 
                          printInterval=100) 
 
    dyn.setETolerance( init_t/100 )  #used to det. stepsize. default: t/1000  
    dyn.run() 
 
    # initialize parameters for cooling loop 
    InitialParams( rampedParams ) 
 
 
    # initialize integrator for simulated annealing 
    # 
    protocol.initDynamics(dyn, 
                          potList=potList, 
                          numSteps=100,       #at each temp: 100 steps or 
                          finalTime=.2 ,       # .2ps, whichever is less 
                          printInterval=100) 
 
    # perform simulated annealing 
    # 
    cool.run() 
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    # final torsion angle minimization 
    # 
    protocol.initMinimize(dyn, 
                          printInterval=50) 
    dyn.run() 
 
    # final all- atom minimization 
    # 
    protocol.initMinimize(minc, 
                          potList=potList, 
                          dEPred=10) 
    minc.run() 
 
    #do analysis and write structure when this function returns 
    pass 
 
 
 
from simulationTools import StructureLoop, FinalParams 
StructureLoop(numStructures=numberOfStructures, 
              doWriteStructures=True, 
              pdbTemplate=outFilename, 
              structLoopAction=calcOneStructure, 
              genViolationStats=True, 
              averagePotList=potList, 
              averageSortPots=[potList['BOND'],potList['ANGL'],potList['IMPR'], 
                               noe], 
#             averageCrossTerms=refRMSD, 
              averageTopFraction=0.1, #report only on best 10% of structs 
              averageAccept=accept,   #only use structures which pass accept() 
              averageContext=FinalParams(rampedParams), 
              averageFilename="SCRIPT_ave.pdb",    #generate regularized ave structure 
              averageFitSel="(resid 10:42 or resid 50:81 or resid 90:119) and (name CA or name C or 
name N)", 
              averageCompSel="(resid 10:42 or resid 50:81 or resid 90:119) and (not resname ANI 
and not name H*)"     ).run() 
 
 
HADDOCK 
 
In order to be able to access HADDOCK webserver, you must create an account. Once an account 

is created, you will have access to the easy interface. You must email HADDOCK to have access 

for the expert interface (used for protein-protein or protein-ligand docking).  
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Calculation results are deleted after a week, so must save tar file to access results. PDB files are 
uploaded in the first and second molecule. Distance restraints (EPR, RDC, etc.) are uploaded under 
distance restraints à “unambiguous restraints.” The table must follow the correct HADDOCK 
syntax to prevent calculation(s) from crashing. Below is the general syntax for HADDOCK 
distance restraints: 
 

 
 
segid: segment ID (“first molecule” PDB uploaded) 
resid: residue number 
name: residue atom name (i.e., HA, CA, etc.) 
 
A: predicted distance restraint 
B: A + B (error) 
C: A – C (error) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A         B        C   
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