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Abstract

Human ether-á-go-go related gene (hERG, Kv11.1) potassium channels play a significant role in 

cardiac excitability. Like other Kv channels, hERG is activated by membrane voltage; however, 

distinct from other Kv channels, hERG channels have unusually slow kinetics of closing 

(deactivation). The mechanism for slow deactivation involves an N-terminal “eag domain” which 

comprises a PAS (Per-Arnt-Sim) domain and a short Cap domain. Here we review recent 

advances in understanding how the eag domain regulates deactivation, including several new 

Nuclear Magnetic Resonance (NMR) solution structures of the eag domain, and evidence showing 

that the eag domain makes a direct interaction with the C-terminal C-linker and Cyclic 

Nucleotide-Binding Homology Domain.

1. Introduction

The human ether-á-go-go related gene (hERG, Kv11.1) encodes a voltage-gated potassium 

(K+) channel which is expressed in a variety of tissues, including the heart and brain [1, 2]. 

The role of hERG in the heart is well-characterized: hERG encodes the IKr current [3, 4], 

which contributes to the repolarization of the ventricular action potential [5]. Mutations in 

hERG channels are linked to type II long QT syndrome (LQT2) [2], a disorder typified by a 

prolongation of the cardiac action potential, early after-depolarizations, and “torsades de 

pointe” tachycardias [6–9]. An acquired form of LQT is associated with drug inhibition of 

hERG channels [10]. As with other voltage-activated channels, hERG subunits have six 

transmembrane domains, large cytoplasmic N- and C-terminal regions (Fig. 1A) and four 

hERG subunits likely form a functional channel [1]. hERG and other members of the eag 

family of channels are structurally distinct from other Kv channels because they have a 

conserved “eag” domain encoded by amino acids 1–135 in the N-terminal region. The eag 

domain contains a Per-Arnt-Sim (PAS) homology domain that is encoded by amino acids 
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26–135 [11] (Fig. 1A). The hERG PAS domain is adjacent to a domain encoded by amino 

acids 1–25 that “caps” the PAS domain and that we term the hERG Cap domain (Fig. 1A). 

Cap domains are key regulators of PAS function in other proteins [12–15]. Evidence 

suggests that the hERG Cap domain directly regulates channel gating [16]. Each of the four 

hERG subunits (and other subunits in the eag family) contains a C-terminal C-linker region 

and cyclic nucleotide-binding homology domain (CNBHD) that are homologous to that of 

cyclic nucleotide-gated (CNG) and hyperpolarization-activated cyclic nucleotide-gated 

(HCN) channels [1, 17] (Fig 1A). However, unlike CNG and HCN channels, hERG is not 

directly regulated by binding to cyclic nucleotides [18].

The voltage-dependent opening and closing (activation and deactivation gating) properties 

of hERG are somewhat unique for K+ channels. In response to depolarization, hERG 

channels activate relatively slowly, but inactivate rapidly, and conduct a relatively small 

amount of outward current (Fig. 1B). However, in response to subsequent repolarization, 

hERG recovers rapidly from inactivation and then closes, or deactivates, very slowly, and 

consequently conducts a relatively large outward current (Fig. 1B). In the heart, ventricular 

action potentials have a rapid rise and long plateau phase, suggesting that the majority of 

hERG current is conducted during the repolarization phase of ventricular cardiac action 

potentials [4, 19–21]. Thus, the unique kinetics of hERG channels perfectly tune them for 

their role in the heart.

Similar to other voltage-activated K+ channels, voltage-dependent activation and 

deactivation gating in hERG channels is mediated by the charged voltage-sensor domain 

(VSD) located in transmembrane segments S1–S4 [22–25] (Fig. 1A). Movement of the VSD 

is thought to open a channel gate located in the lower S6 transmembrane region that controls 

access to the pore [26, 27]. Interactions of the intracellular S4–S5 linker with the lower S6 

of hERG couple the movement of the VSD to the opening of the gate during channel 

activation and deactivation [28–31]. hERG channels also have a type of inactivation gating 

which is perturbed by mutations at the outer mouth of the pore region [21, 32], similar to the 

C-type inactivation mechanism described in Shaker K+ channels [33]. Voltage-dependent 

gating in hERG channels is regulated by the intracellular N- and C-terminal domains of the 

channel. In particular, deactivation gating is regulated by the N-terminal eag domain. The 

eag domain makes a direct interaction with another intracellular region (or regions) of the 

hERG channel (Fig. 2A). One intriguing property of the eag domain is that it does not 

require a peptide bond linking it to the rest of the channel in order to regulate gating [11, 34] 

(Fig. 2B). The key role of the eag domain in hERG channel physiology is underscored by 

mutations in the eag domain that were linked to LQT2 [35–47] and which disrupt regulation 

of gating [34, 35, 39, 41, 45, 48].

The precise mechanism for eag domain regulation of gating is not known. Here, we discuss 

recent advances regarding structural information about the eag domain, and new information 

regarding the identity of intracellular sites, including the C-linker/CNBHD in the C-terminal 

region, that interact with the eag domain to regulate deactivation gating.
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2. Structural components of the eag domain

The structure of the hERG N-terminal region was solved by X-ray crystallography and 

revealed that amino acids 26–135 were a PAS homology domain [11]. The PAS domain was 

found to contain five antiparallel β-sheets flanked by 3 α-helices (Fig. 3A). The PAS domain 

appeared to be a monomer [11], although earlier work suggested that PAS could assemble 

into an oligomer [49]. The first 25 amino acids were present in the crystallized protein, but 

were presumed to be disordered. Recently, several groups have obtained NMR solution 

structures for the entire eag domain, including the first 25 amino acids [50–52] (Fig. 3B, C, 

D). The PAS domain part of the structures solved with NMR demonstrate good alignment 

and general agreement with the structure solved by X-ray crystallography, particularly in the 

proportion and orientation of α-helix and the orientation of β-sheet and loop regions (Fig. 

4A, B). One notable difference was a dramatic reduction in the proportion of β-sheet in one 

of the structures, which was not seen in the other NMR structures [51] (Fig. 3C). Overall, 

the similarity of multiple independent structures provides strong validation of the PAS 

domain configuration. The NMR data also provided the first structural information about 

amino acids 1–25 of the eag domain, which “cap” the PAS domain (Figs. 3, 4). All three 

NMR structures identified the N-terminal Cap as an amphipathic helix between amino acids 

13 and 23 and a disordered region between amino acids 1 and 12. The first twelve amino 

acids were highly mobile in relation to the amphipathic helix and the PAS domain [50–52]. 

Dynamic CAP regions that are located N-terminal and adjacent to PAS domains are found in 

several other PAS domain-containing proteins [12–15].

3. Functional role of the eag domain in channel gating

The eag domain is necessary for regulation of deactivation gating in hERG channels. hERG 

channels with deletions of (approximately) just the eag domain (hERG Δ2–138) had 

deactivation kinetics that were accelerated 5 to 10-fold compared to deactivation in wild-

type hERG channels [11]. Channels with deletions of just the eag domain had kinetics of 

deactivation that were indistinguishable from those measured in channels with deletions of 

most of the N-terminal region (hERG Δ2–354 or hERG Δ2–373) [11, 16, 53, 54], meaning 

that regulation of deactivation was localized to the eag domain.

Intriguingly, the eag domain does not require a peptide bond linking it to the rest of the 

channel protein in order to regulate gating. Purified eag domain polypeptides [11] or 

genetically-encoded eag domains [34] restored the slow kinetics of deactivation gating in N-

terminal region-deleted hERG channels that had accelerated deactivation (see Fig. 2B). 

Genetically encoded eag domains changed deactivation gating in N-deleted channels such 

that the deactivation gating was indistinguishable from WT hERG channels, suggesting that 

the isolated eag domain and the S1 domain – C-terminus of hERG were sufficient for 

deactivation gating (and that the linker region between the eag domain and the S1 

transmembrane domain was not a regulator of deactivation) (Fig. 2B). In optical 

experiments, isolated eag domains tagged with CFP (eag CFP) were in close physical 

proximity to N-terminal region-deleted hERG channels tagged with Citrine (hERG ΔN 

Citrine), as measured by Förster Resonance Energy Transfer (FRET) [34]. Thus, optical and 
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functional experiments showed that eag domains make a direct interaction with the rest of 

the hERG channel and regulate deactivation gating.

3.1. Functional role of the PAS domain

What residues in the eag domain are critical for its function? Analysis of the eag domain 

structure identified a grouping of hydrophobic residues on the surface of the PAS domain 

[11] (Fig. 5). Point mutations at hydrophobic residues F29 and Y43 speed up deactivation 

kinetics, as do mutations at other sites that are nearby in the three-dimensional structure, 

such as K28E, N33T, R56Q, and M124R [11, 34, 48], suggesting that these point mutations 

might disrupt the interaction of the eag domain with the rest of the channel (Fig. 6A).

Experiments combining functional and optical recording showed that mutations in separate 

eag domains (eag [Y43A] CFP and eag [R56Q] CFP) showed reduced regulation of 

deactivation gating and reduced FRET, or no regulation of gating and no FRET [34], 

suggesting that the mutations disrupted an interaction between the isolated eag domains and 

the rest of the hERG channel [34]. In a correlative experiment, separate eag domains (eag 

CFP) regulated slow deactivation gating in full-length channels with K28E, N33T, Y43A, 

R56Q, and M124R mutations [34, 48] (Fig. 6B). FRET experiments showed that the eag 

domains (eag CFP) were in close proximity to the channels with Y43A and R56Q mutations 

(but not WT channels) [34]. These results suggest that the mutations weakened the 

interaction of the eag domain with the rest of the channel sufficiently to allow the mutant 

eag domains to be replaced by separate eag domains (Fig. 6).

Thus, mutations in the PAS domain at positions nearby each other in the three-dimensional 

structure disrupt the interaction between the PAS domain and the rest of the channel. One 

explanation for this result is that these residues form a direct interaction with the rest of the 

channel, however it is also possible that the mutations have an allosteric effect and that the 

PAS domain interacts with the channel at other sites or additional sites. Finally, in addition 

to hydrophobic sidechains (like Y43), charged sidechains (like R56) are important for the 

interaction of the PAS domain with the rest of the hERG channel.

3.2. Functional role of the eag Cap domain

The Cap domain region of the eag domain is necessary for regulation of deactivation gating, 

since channels with deletions of amino acids within the Cap domain (Δ2–9, Δ2–12, Δ2–23, 

Δ2–25, Δ2–26) had accelerated deactivation kinetics compared to wild-type channels [11, 

52, 53]. Channels with point mutations within the first 25 amino acids also had accelerated 

deactivation [51, 52]. The amphipathic nature of the helix in the Cap region was important 

for slow deactivation gating, as channels with charge-reversal point mutations on the 

positive face of the helix had faster deactivation kinetics [51, 52] (Fig. 5). It was proposed 

that these mutations altered deactivation gating by disrupting the interaction of the Cap 

domain with another part of channel. It was also shown that a point mutation in the Cap 

domain disrupted FRET between an eag domain and the rest of the channel [55]. It is 

important to consider that, like PAS domain mutations, this result could be due to direct Cap 

domain interaction with the channel, or could be an allosteric effect. Indeed, deletions of the 

Cap domain disrupt the folding and three dimensional structure of the PAS domain in 
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photoactive yellow protein (PYP) [56, 57]. There is evidence that the Cap domain can have 

an effect on channels in the absence of the PAS domain. Perhaps the clearest evidence for a 

distinct role of the Cap domain is that a purified peptide encoding part of the Cap domain 

(amino acids 1–16) partially recovered slow deactivation gating when applied to excised 

membrane patches that contained N-truncated hERG (Δ2–354) channels [16]. Structural 

(NMR) information showing that the Cap domain is dynamic is in agreement with idea that 

the Cap domain function can be distinct from PAS domain [51, 52].

3.3. Differences in PAS and CAP domain functions

There are some important differences between the functional role of the Cap domain and the 

functional role of the PAS domain. Mutations and deletions in both the Cap domain and the 

PAS domain alter channel deactivation; in contrast, mutations in these regions have different 

effects on inactivation. Channels with deletions that include the PAS domain or point 

mutations in the PAS domain (such as R56Q) had inactivation gating that was slowed by 

approximately 2-fold and a steady-state inactivation curve that was shifted in a positive 

direction [19, 35, 48, 53, 54, 58, 59]. In contrast, channels with deletions of the first 25 

amino acids did not show a change in channel inactivation kinetics [19, 53, 54, 58]. These 

results suggest that the PAS domain (amino acids 26–135) plays a role in inactivation 

gating, but that the CAP domain (amino acids 1–25) is not involved in inactivation gating. 

Perhaps the first 25 amino acids are the functional determinants of slow deactivation gating, 

whereas the core of the eag domain serves as a positional regulator of slow deactivation 

gating and modulates inactivation.

4. eag domain binding site

Since separate eag domains regulate gating and showed FRET with hERG channels bearing 

N-terminal region deletions, the eag domain must bind to some other region of the hERG 

channel. Current studies have focused on two regions as potential eag domain binding sites: 

the S4–S5 linker and the C-terminal C-linker/CNBHD.

4.1. A possible role for the S4–S5 linker region

Previously, it was suggested that the eag domain formed hydrophobic interactions with 

another region of the hERG channel, and the S4–S5 linker was suggested as a possible 

interacting site [11]. Point mutations within the S4–S5 linker have been shown to speed 

channel deactivation gating [28], consistent with the involvement of this region in regulation 

of deactivation. Experiments using NEM modification of a introduced cysteine at a site in 

the S4–S5 linker (G546C) also showed a disruption of slow deactivation gating [53]. 

Mutation at the same residue (G546C) also disrupted FRET between the channel and 

separate eag domain [55]. Recently, NMR experiments have further suggested an interaction 

between the eag domain and the S4–S5 linker [50]. An S4–S5 linker peptide was purified 

and combined in solution with purified eag domain protein. A shift was noted in the position 

of several amino acids in the eag domain NMR structure when the peptide was present [50], 

suggesting that the S4–S5 linker peptide interacted with some region of the eag domain. 

This experiment, however, lacked confirmation of an intact structure for the S4–S5 linker 

peptide and also lacked a peptide control to show specificity of the effect with the S4–S5 
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linker peptide [50]. In another study, a putative eag domain interaction with the S4–S5 

linker was investigated by substituting cysteines in several positions within the first amino 

acids in the Cap region of the eag domain and positions within the S4–S5 linker. Evidence 

for disulfide cross-linking between cysteines in the Cap region and those in the S4–S5 linker 

was detected, suggesting close proximity (< 7Å) between those regions [55].

While these experiments suggest that the S4–S5 linker was involved in deactivation gating, 

the S4–S5 linker and eag domain are not sufficient for regulation of deactivation. Channels 

with intact eag domains and S4–S5 linkers, but with deletions in the C-terminal regions, 

including deletions of the CNBHD, had fast deactivation gating, indicating that the CNBHD 

was also necessary for eag domain modulation of deactivation (as discussed below) [60]. 

The region of the eag domain which may interact with the S4–S5 linker has not been 

conclusively determined.

4.2. Role of the C-terminal regions

The hERG channel C-terminal region C-linker/CNBHD is also a site of interaction for the 

eag domain. FRET experiments demonstrated that the N- and C- termini of hERG were in 

proximity, in support of an HCN channel homology model, which would position the 

CNBHD below the channel pore [34, 61]. Channels with mutations in or deletion of the 

CNBHD were found to have abnormal gating kinetics [51, 60, 62]. A series of lysine 

mutations in the CNBHD had faster deactivation gating, and the affected residues were 

found to cluster in a hydrophobic band on the surface on a homology model of the hERG 

CNBHD, which is based on the HCN2 CNBD structure [62] (Fig. 7). Another report showed 

that channels with point mutations in the CNBHD had faster deactivation kinetics, and 

proposed a model in which the CAP region of the eag domain bound in a cleft formed by 

CNBHDs of adjacent subunits [51] (Fig. 7). This interaction model was developed based on 

the hydrophobic band identified in the CNBHD and the hydrophobic patch identified in the 

eag domain (Figs. 5, 7). We found that channels with deletions of the CNBHD also had fast 

deactivation gating, suggesting a role for the CNBHD in deactivation gating [60]. We 

detected a biochemical interaction between an eag domain fusion protein and a C-linker/

CNBHD fusion protein [60]. We also found evidence that the mechanism for regulation of 

deactivation was an intersubunit interaction between the eag domain and C-linker/CNBHD 

[60] (Fig. 8). Overall, these results indicated that the eag domain directly interacted with the 

C-linker/CNBHD, and that this interaction was necessary for eag domain regulation of 

hERG.

5. The eag domain and Long QT Syndrome

Forty-five eag domain mutations have been linked to LQT2 and account for approximately 

15% of all known LQT2 mutations [35–47]. Twelve of these were characterized with 

electrophysiological recordings (K28E, F29L, I31S, N33T, G53R, R56Q, T65P, C66G, 

H70R, A78P, L86R, and M124R), and were found to have changes in deactivation gating 

compared to wild-type channels, as well as some defects in protein biogenesis [34, 35, 39, 

41, 45, 48]. The altered kinetics of one hERG eag domain mutant channel, hERG R56Q, 

were shown to prolong the ventricular action potential and were pro-arrhythmogenic in a 

computational model of cardiac excitability [63]. When expressed in mammalian cells, five 
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LQT2 mutations with the largest speeding of deactivation gating (K28E, F29L, N33T, 

R56Q, and M124R) occur in or near a hydrophobic patch on one face of the eag domain 

which was proposed to form a binding interface with another part of the channel [11, 48] 

(Fig. 5). These five LQTS mutants disrupted the interaction of the eag domain with the rest 

of the hERG channel (Fig. 6A), based in part on the ability of a separate eag domain to 

interact with mutant channels and restore gating [34, 48] (Fig. 6B).

6. Conclusions

Several structures have now been identified which encompass the entire eag domain, and 

evidence was presented for interactions of this domain with both the hERG S4–S5 linker 

and the C-terminal C-linker/CNBHD. The evidence for S4–S5 linker and C-linker/CNBHD 

interaction is largely complementary, suggesting that both of these regions may be involved 

in interaction of the eag domain with the channel. In one model of eag domain interaction, 

the N-terminal cap of the eag domain are oriented towards the intracellular facing surface of 

the CNBHD [51] (Fig. 8A). This orientation would likely prohibit interaction of the first 25 

amino acids of the eag domain with the S4–S5 linker, although another region of the PAS 

domain could possibly interact with the S4–S5 linker instead. In an alternate model, the Cap 

domain of the amphipathic helix could interact with the S4–S5 linker, and the PAS domain 

could form a stable interaction with the C-terminal region CNBHD, possibly mediated by 

the hydrophobic and charged residues which have been identified on the surfaces of the eag 

domain and the CNBHD [55, 60, 62] (Fig. 8B). Further research is needed to determine the 

precise orientation and the specific residues involved in the interaction of the eag domain 

with the S4–S5 linker region and/or the C-linker/CNBHD.
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Highlights

• The N-terminal eag domain of hERG channels regulates the unusually slow 

kinetics of channel closing.

• Like other PAS domain-containing proteins, the hERG eag domain comprises a 

PAS domain and an adjacent Cap domain

• The eag domain makes a direct, regulatory interaction with the rest of the 

channel.

• Long QT syndrome-linked mutations in the eag domain weaken its interaction 

with the rest of the channel

• The N-terminal eag domain interacts with the C-terminal Cyclic Nucleotide-

Binding Homology Domain (CNBHD) to regulate channel closing
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Fig. 1. 
hERG channel topology and sample current. A. Schematic of the hERG K+ channel with 

key functional regions as indicated. The PAS domain is shown in red and the Cap domain is 

shown in blue. Together these comprise the eag domain. The cyclic nucleotide-binding 

homology domain is shown in grey. B. Sample hERG channel current in response to the 

pulse protocol indicated. With a depolarizing step, the channels transition from a closed (C) 

state to an open (O) state and then rapidly enter an inactive state (I). Upon repolarization, the 

channels rapidly recover from inactivation (I to O), and re-enter the open (O) state before 

slowly entering a closed (C) state. The dotted line represents zero current.
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Fig. 2. 
Model of eag Domain interaction with the channel. A. The eag domain forms a direct 

interaction with another region of the hERG channel. B. The eag domain interacts directly 

with the channel even in the absence of the proximal N-terminal linker region.
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Fig. 3. 
eag domain schematics. A. X- ray structure from Morais Cabral et al. 1998 (PDB ID: 1byw). 

Representative NMR structures, B. from Li et al. 2010 (PDB ID: 2l4r), C. from Muskett et 

al. 2010 (pdb: 2l1m), and D. from Ng et al. 2011 (pdb: 2l0w) [11, 50–52]. α-helix is shown 

in blue, β-sheet is shown in red, and loop regions are shown in green. Images were created 

using PyMOL (www.pymol.org).
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Fig. 4. 
A. Ribbon diagram and B. protein backbone overlays of the eag domain structures. The X-

ray structure (from Morais Cabral et al. 1998) is shown in yellow and representative NMR 

structures are shown in green (Li et al. 2010), blue (Muskett et al. 2010) and red (Ng et al. 

2011) [11, 50–52]. The N-terminal disordered region and α-helix identified in the NMR 

structures were found to be dynamic. Image was created using PyMOL.
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Fig. 5. 
eag domain residues involved in LQT2 and gating. A. CPK model of the eag domain. B. eag 

domain model from A rotated 180° around a vertical axis. Green and red residues are part of 

the hydrophobic patch [11]. Green residues have not been characterized, while mutations in 

red residues have been shown to speed channel deactivation gating. Yellow residues are 

mutation sites which speed deactivation gating, and include LQT2 sites (K28, N33, and 

R56) adjacent to the hydrophobic patch. Blue residues are identified LQT2 mutation sites 

which do not form functional channels (T65, C66, L86) or do not affect deactivation gating 

(G53, H70, A78) in mammalian cells. Images were created using PyMOL (based on the 

structure from Ng et al. ; PDB ID: 2l0w) [52].
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Fig. 6. 
Model of disruption of eag domain interaction with the channel by LQT2 mutations. A. An 

eag domain mutation which disrupts slow deactivation gating also interferes with the 

interaction of the eag domain with the channel. B. A genetically encoded eag domain 

fragment is able to replace the mutated domain and modulate channel gating.
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Fig. 7. 
Cyclic nucleotide-binding homology domain residues involved in LQT2 and gating. A. CPK 

model of the CNBHD viewed looking down from the plasma membrane. B. CNBHD model 

from A rotated 90° to show a side view. C. CNBHD model from A rotated 180° to show the 

cytoplasmic face. Red residues are hydrophobic residues which have been shown to speed 

channel deactivation gating, blue residues are identified LQT2 mutation sites that have been 

shown to speed deactivation gating, and yellow residues are all others which have been 

shown to speed deactivation gating. Images were created using PyMOL (based on Zagotta et 

al.; PDB ID:1Q5O) [17].
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Fig. 8. 
A. Model of eag domain interaction showing the Cap domain and the PAS domain 

interacting with the C-terminal CNBHD. B. Model of eag domain interaction showing the 

Cap domain interacting with the S4–S5 linker and the PAS domain interacting with the C-

terminal CNBHD.

Gustina and Trudeau Page 18

Cell Signal. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


