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ABSTRACT. The G-protein coupled receptor, rhodopsin, consists of seven transmembrane helices which
are buried in the lipid bilayer and are connected by loop domains extending out of the hydrophobic core.
The thermal stability of rhodopsin and its bleached form, opsin, was investigated using differential scanning
calorimetry (DSC). The thermal transitions were asymmetric, and the temperatures of the thermal transitions
were scan rate dependent. This dependence exhibited characteristics of a two-state irreversible denaturation
in which intermediate states rapidly proceed to the final irreversible state. These studies suggest that the
denaturation of both rhodopsin and opsin is kinetically controlled. The denaturation of the intact protein
was compared to three proteolytically cleaved forms of the protein. Trypsin removed nine residues of the
carboxyl terminus, papain removed 28 residues of the carboxyl terminus and a portion of the third
cytoplasmic loop, and chymotrypsin cleaved cytoplasmic loops 2 and 3. In each of these cases the fragments
remained associated as a complex in the membrane. DSC studies were carried out on each of the fragmented
proteins. In all of the samples the scan rate dependence oftinelicated that the transition was kinetically
controlled. Trypsin-proteolyzed protein differed little from the intact protein. However, the activation
energy for denaturation was decreased when cytoplasmic loop 3 was cleaved by papain or chymotrypsin.
This was observed for both bleached and unbleached samples. In the presence of the chromophore, 11-
cisretinal, the noncovalent interactions among the proteolytic fragments produced by papain and
chymotrypsin cleavage were sufficiently strong such that each of the complexes denatured as a unit.
Upon bleaching, the papain fragments exhibited a single thermal transition. However, after bleaching, the
chymotrypsin fragments exhibited two calorimetric transitions. These data suggest that the loops of
rhodopsin exert a stabilizing effect on the protein.

The structures of integral membrane proteins must ac- stability is small, it has been predicted that loss of all loops
commodate interactions with both the hydrocarbon core of would lead to instability of bacteriorhodopsin at room
the lipid bilayer in which they are imbedded and the aqueous temperature4).
phase into which they protrude. The stability of membrane  The visual pigment, rhodopsin, is the most extensively
proteins is thus influenced by two different environments as studied member of the family of G-protein receptors. Since
well as by intermolecular interactions. Though there are far rhodopsin constitutes greater than 90% of the disk membrane
fewer studies of the stability of membrane proteins than are protein 6, 7), measurements made on the proteins of disk
available for soluble proteins, it appears that the protein membranes predominantly reflect the properties of rhodopsin
regions which interact with the aqueous phase behave in ajn its native environment. Rhodopsin consists of seven
manner similar to that of soluble proteins while those within transmembrane helices connected by loop dom&Bng)(
the hydrophobic core are more structurally statde 2). Light sensitivity is conferred by the presence ofcidetinal.
Cytochromebs provided an early example of the domain Upon absorption of light, 1tis-retinal undergoes a confor-
nature of membrane proteins. The two circular dichroism mational change tall-trans+etinal. Regeneration of light
transitions exhibited by this protein were interpreted to sensitivity requires additional 1dis-retinal.
represent the aqueous and transmembrane dongirfsof Rhodopsin is stabilized by several structural features.
membrape protems that traverse the bilayer mulnplg times, These include the lipid bilayer, helishelix interactions
the relative importance of the extramembranous regions andyithin the bilayer, the retinal chromophore, and the structures
intramembraneous regions to overall protein stability poses ¢ the extramembranous regions. While data are available
an interesting problem. For example, it has been shown thaty, the former issues, the extent to which the extramembra-
some of the helices of bacteriorhodopsin will associate o5 portions of the protein contribute structural stability is
properly without covalently linked loop regions,(5).  ynclear. Therefore, the contributions of the carboxyl terminus
However, while the contribution of each loop to protein 5.4 cytoplasmic loops 2 and 3 to the thermal stability of
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(DSC)! These studies suggest that denaturations of both thecalorimetry for rhodopsin and opsin (Figure 1). In each case
intact protein and the proteolytic fragments are kinetically a single transition was observed. Consistent with previous
modulated processes and that the loops play a role in theobservations for rhodopsin and for opsin, the DSC transitions
stabilization of the structure of rhodopsin to thermally are irreversible; upon rescanning the sample, no transition

induced denaturation. was observed. The calorimetric enthalpy of this transition
was determined from the area under the curve and the
EXPERIMENTAL PROCEDURES transition temperatureT) from the midpoint of the peak.

Irreversible protein denaturation has been described by the
Lumry—Eyring model {7). In this scheme, the native protein
is in equilibrium with unfolded state(s). The unfolded state
then undergoes an irreversible transition to the final denatured
state:

Sample Preparatiorf-rozen bovine retinas were obtained
from Lawson (Lincoln, NE). Osmotically intact disks were
isolated from rod outer segments by Ficoll flotation according
to Smith 7). All operations were carried out under dim red
light. Rhodopsin concentration was determined from the
change in absorbance at 500 nm upon bleaching in the NeU=D
presence of hydroxylamine.

Proteolysis was achieved by incubation of disk membranesIn this scheme the unfolded state is not limited to a single
with either trypsin, papain, or chymotrypsin at 32 for 3 state, and although the term “unfolded” is used, considerable
h. In each of the samples, the rhodopsin concentration wassecondary structure may still be present. The consequences
approximately 1 mg/mL. TPCK-treated trypsin was added of this model have been investigated in detail elsewhEse (
at a 1:10 ratio to disk membranes in 5 mM Tris/acetate, pH Briefly, if the formation of D is slow relative to the rate of
7.4, and 0.14 mM Cagl The reaction was stopped by re-formation of N, the unfolded state will be highly populated
addition of a 5-fold excess of soybean trypsin inhibitor. while only a small amount of D will be present during the
Papain proteolysis was carried in 100 mM phosphate, 2 mM transition. In this case, the transition temperature will have
EDTA, and 5 mM cysteine, pH 7.0, with a ratio of papain little dependence on the scanning rate. However, if the rate
to rhodopsin of 1:20. The reaction was stopped by addition of formation of D is rapid, a significant amount of D will
of iodoacetamide to a final concentration of 10 mM. TLCK- be present during the transition and the transition temperature
treated chymotrypsin was added at a 1:10 ratio in 10 mM will exhibit a distinct dependence upon the scanning rate.
Tris/acetate, pH 7.0. The reaction was stopped by additionIn the former case, an equilibrium that exists just prior to
of PMSF to a final concentration of 1 mM. Appropriate the irreversible step dominates, and thermodynamic informa-
control samples were generated for each of the proteolyzedtion can be obtained. However, the latter case can be ap-
samples by incubating disks under identical conditions, but proximated as a two-state irreversible process, and the
without the enzyme. These controls were subsequently foundkinetics of the formation of D determines the heat absorption.
to behave identically and were pooled for all results. All While the total enthalpy of the reaction can be obtained, other
samples were subsequently washed into in 10 mM po- thermodynamic information cannat9).
tassium phosphate buffer, pH 7. Proteolysis was verified by ~ Kinetic information for a process approximated by the two-
a 10% SDS-PAGE (11). Gels were Coomassie stained and state irreversible model can be obtained by determining the
scanned on an Apple Color OneScanner 1200/30. Totaldependence of the transition temperature on the scanning
protein concentration was determined by the method of rate in the calorimeterl@—21). It has been shown for this
Lowry (12). model that the scanning rate and the transition temperature

Differential Scanning CalorimetryDifferential scanning  are related by the equatio@Q):
calorimetry experiments were performed using a MicroCal ) ’

VP-DSC microcalorimeter. Samples of-2 mg/mL of In(scanning ratd],) = const— E/RT,

rhodopsin (opsin) in disks were run. For bleached samples, . .
the protein was exposed to white light for 20 min in the ~ DSC measurements were made on rhodopsin and opsin
presence of hydroxylamine. Each sample was scanned,at 15 &t four scanning rates as described in Experimental Proce-
30°, 60°, and 90/h. Each sample was scanned twice. Because dures. Asymmetnc |rrev_erS|bIe transitions were _observed for
the protein transitions are irreversible, the second scans werd?0th rhodopsin and opsin. The plot of In(scanning g/
used to determine the baseline. Enthalpies were determined’S 1/Tm was linear (Figure 2). This behavior is consistent
by curve fitting with the non-two-state algorithm MicroCal with a two-state irreversible denaturation process for the

DSC version of the Origin software. protein. The energy of activatioiel was determined from
the slope of this line for both rhodopsin and opsin and is
RESULTS given in Table 1. The total enthalpy was determined

) ) ) ) ) . calorimetrically and is also given in Table 1. The energy of
Differential Scanning Calorimetry Studies of Rhodopsin s transition is less for opsin than for rhodopsin. The
and OpsinDSC experiments previously demonstrated that g orimetric enthalpy and the denaturation activation energy
opsin denatures at a temperature approximatejClipwer are essentially the same for the denaturation of rhodopsin
than that of rhodopsinl@—16). In the present study excess g4 of opsin.
heat capacity curves were obtained by differential scanning  pifrerential Scanning Calorimetry of Proteolyzed Rhodop-
sin and OpsinThe role of the extramembranous loops and
' Abbreviations: DSC, differential scanning calorimetry; EDTA,  the carboxyl terminus in stabilizing both rhodopsin and opsin
%hy'gg‘g'gg‘ggte”%?ce“%ag'd? I?Mslgtgjh?nylmlethagesulff)nl)/l fluor- {5 thermal denaturation were investigated by determining the
1ae; , Sodium aodecyl su olyacrylamiae gel elec- . L e .
trophoresis; TLCK{.-1-chloro-3-(4-tosylamido)-7-amino-2-heptanone; ~ €ffect of proteolysis at specific extramembranous sites. Three
TPCK, L-1-tosylamido-2-phenylethyl chloromethyl ketone. enzymes were chosen to proteolyze different portions of the
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Ficure 1: Examples of denaturation endotherms obtained by DSC at pH 7 with a scan rate of 1 deg/min: (A) rhodopsin (higher transition
temperature) and opsin ((lower transition temperature), (B) trypsin-proteolyzed disk membranes, unbleached (higher transition temperature)
and bleached (lower transition temperature), (C) papain-proteolyzed disk membranes unbleached (higher transition temperature) and bleached
(lower transition temperature), and (D) chymotrypsin-proteolyzed disk membranes (higher transition temperature) and bleached (lower
transition temperature).

cytoplasmic face of rhodopsin (Figure 3). Trypsin cleaves and after bleaching (Figure 1). In each case, the DSC
between residues 339 and 340, thus removing nine residuedransitions were asymmetric and irreversible. Unbleached
of the carboxyl terminus. Papain removes 27 residues of thetrypsin-, papain-, and chymotrypsin-proteolyzed rhodopsin
carboxyl terminus and a portion of the third cytoplasmic loop exhibited a single transition. The total calorimetric enthalpies
between residues 236 and 241. Chymotrypsin cleavesof these transitions were determined from the area under the
cytoplasmic loops 2 and 3, at residues 146 and 244, curve and are presented in Table 1. The transition temper-
respectively. Proteolysis was confirmed by SEFSAGE and atures ) were determined from the midpoint of the peaks
is shown in Figure 4. In agreement with previous studies and are presented in Table 2.
(22, 23), proteolysis of rhodopsin in the disk membrane by  The scan rate dependence of the transition temperature
each of these enzymes did not cause a change in thewas determined for the fragments produced by proteolysis.
absorption spectra. Therefore, studies of the protein could|f the denaturation of the proteolytic fragments can be
be carried out both on the unbleached protein and on theapproximated by a two-state irreversible model, kinetic
bleached protein. information can be obtained by determining the dependence
Excess heat capacity curves were obtained by differential of the transition temperature on the scanning rate as
scanning calorimetry of the protolytic fragments both before determined above for rhodopsin and opsin. DSC transitions
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Ficure 2: Plot of In(scan ratd#,?) versus 1T, for proteolyzed disk membranes: (A) rhodopsin in disk membranes, (B) trypsin-proteolyzed

disk membranes, unbleached, (C) papain-proteolyzed disk membranes, unbleached, (D) chymotrypsin-proteolyzed disk membranes, unbleached,
(E) opsin in disk membranes, (F) trypsin-proteolyzed disk membranes, bleached, (G) papain-proteolyzed disk membranes, bleached, and
(H) chymotrypsin-proteolyzed disk membranes, bleached. The scan rates used were 0.25, 0.5, 1.0, and 1.5 deg/min.Tyavegifoen

in Table 2. Lines are best fit as determined by linear regression.

Table 1: Comparison of Enthalpy and Energy Values for Control ~ @nd 7. These two fragments remain associated as a complex

and Proteolyzed Rhodopsin in the membrane. The DSC transition temperature of the
AHew (kcalimol) E (kcalimol) papain fragments is-23 dgg lower than for the intact protein.

. However,E was approximately 35 and 45 kcal/mol lower
rhodopsin blljen;clﬁaéghed 1%)6130 1%)32 for the unbleached and bleached states, respectively, com-
trypsin unbleached 119 160 pared to the intact protein. The chymotrypsin fragment

fragment bleached 81 98 exhibited a drop of 40 kcal/mol in the unbleached state
papain unbleached 148 126 relative to intact rnodopsin. However, in the bleached state
Ch;ﬁ%rt?;gstm Bf&cegiﬂ ed 1%351 152:’; two transitions were observed withof 61 and 48 kcal/mol
fragment bleached (1) 43 61 for the lower and higher melting temperatures, respectively.
bleached (2) 29 48 These peaks are separated by more thatCilith the higher
a AHco determined by averagingHca at each of the scan rates.  transition close to that of opsin.
DISCUSSION

were obtained for each of the proteolytic fragments in both
the unbleached and the bleached states at four scanning rates. DSC has been used to investigate the thermal stability of
For each case, the plot of In(scanning r&tg) vs 1T, was rhodopsin in native disk membranes3¢-15) and in disk
linear (Figure 2). As was the case for rhodopsin and opsin, membranes with altered lipid compositiori(24). These
this behavior is consistent with a two-state irreversible studies showed that both the chromophore and the lipid
denaturation process. The energies of activatiBnwere bilayer affect the transition temperature of rhodopsin dena-
determined from the slope of this line for both the unbleached turation. Only one of these earlier studi@s)(addressed the
and bleached forms and are given in Table 1. These scan rate dependence of tiig. The thermal denaturation
activation energies and the total calorimetric enthalpies of of rhodopsin is likely to involve multiple steps including
the reaction were remarkably similar in almost all cases. isomerization of 1lcis-retinal, unfolding of regions exposed
Upon bleaching, the trypsin- and papain-proteolyzed t0 the aqueous media, and/or reorientation of the helices.
protein also exhibited a single transition. However, upon Because opsin does not have did-+etinal, its denaturation
bleaching, the chymotrypsin fragment exhibited two distinct would involve the latter two.
transitions. The trypsin fragment exhibited a DSC transition ~ The scan rate dependence of the calorimetric transition
temperature only 1 deg lower than that observed for the intactindicates that during the transition there is significant
protein for both the unbleached and bleached states at eacliormation of the final, irreversibly denatured species. This
of the scan rates. The denaturation activation energy was,denaturation process is therefore kinetically controlled. The
within experimental error, unchanged from the intact protein asymmetry of the transition is also consistent with this model.
in both the unbleached and bleached states. The papairiThe total enthalpy of the calorimetric transition is nearly
fragments consist of helices 1, 2, 3, 4, and 5 and helices 6identical toE determined from the scan rate dependence of
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Ficure 3: Diagram of rhodopsin primary structure [after Hargra#8)) showing sites of proteolysis: T for trypsin; P for papain; C for
chymotrypsin.

Table 2: Transition Temperature¥) for Thermal Denaturation of
Rhodopsin, Opsin, and the Proteolytic Fragments

DSC scan rate (deg/min)

0.25 0.5 1 15

rhodopsin 70.6 71.6 72.5 73.1
opsin 54.3 55.4 56.8 57.5

trypsin
unbleached 69.5 70.5 711 72.2
bleached 52.6 54.0 55.8 56.3

papain
unbleached 66.8 68.1 68.9 70.2
bleached 45.6 49.4 51.2 52.3

. R chymotrypsin

Control Trypsin Papain  Chymotrypsin unbleached 65.1 66.4 67.8 68.4
. ; ; bleached (1) 39.3 427 43 44.2
Ficure 4: Disk membranes were proteolyzed as described in bleached (2) =1 599 55.4 £75

Experimental Procedures. Representative 12.5%-SDS5E gels

of control disks and disks subjected to proteolysis by trypsin, papain, ) o ]
and chymotrypsin. These data on rhodopsin are similar to other studies on

membrane proteins. Cytochroneeoxidase 21), bacterio-

the calorimetric transition temperature. It has been sug- rhodopsin 19), and the GLUT 1 receptog) have also been
gested that this may indicate that the transition state consistsshown to undergo thermal denaturation in a kinetically
of a single molecule (rhodopsin or opsin) in a “situation controlled manner. It has been suggested that kinetic
similar to that of the final state”1©). The formation of the constraints may be important factors in the stability of some
irreversible state is rapid in comparison to any reversible membrane proteingl9, 21). Although, as described above,
processes. multiple states must be present during the transition, the

The reduction in activation energy upon bleaching sug- formation of the irreversible final state is rapid with respect
gests that the 1tis-retinal provides a portion of the energy to the intermediate states. This can be approximated by a
barrier between the native and denatured states. Ligandtwo-state irreversible model.
binding does not always increase the kinetic stability of  Several studies have indicated that proteolyzed rhodopsin
membrane proteins. While Idis-retinal increases both the retains the conformation of the intact protein. Proteolytic
kinetic stabilization and, of rhodopsin relative to opsin, fragments of rhodopsin retain their native absorption spectra
the binding of glucose to the GLUT 1 raises thg but and the ability to regenerate after bleachi2@g)( Thus the
does not increase the activation energy of thermal denatur-chromophore binding site which involves the helices remains
ation 26). intact after proteolysis. Papain proteolysis does not alter the
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helical content of rhodopsir28). Additional studies suggest coincidental that cleavage of cytoplasmic loop 3 and the
stabilizing interactions among the intramembranous helices.carboxyl terminus by papain and cleavage of cytoplasmic
Proteolytic fragments have been shown to remain associatedoops 2 and 3 by chymotrypsin yield fragments of similar
as a complex after solubilizatiod, 27), and some of the  stability. However, it may also suggest that loss of the
helical peptides of both rhodopsi28) (29) and bacterio- integrity of the third loop is particularly important in lowering
rhodopsin 80) spontaneously self-associate in the membrane. the denaturation activation energy.

While helix—helix interactions are clearly important, the In the latter view, the third loop stabilizes the native state
loops and the carboxyl terminus may also play a role in relative to the denatured state, suggesting that the transition
maintaining overall structural stability. In the case of bac- to the denatured state involves, at least in part, a conforma-
teriorhodopsin it was shown that individual loops accounted tional change in the third loop. Although the crystal structure
for a small stabilizing effect. However, it was projected that (9) of rhodopsin does not show the third cytoplasmic loop,
in the absence of all loops the bacteriorhodopsin would not a new structure (manuscript submitted) derived from nuclear
be stable at room temperatud.( magnetic resonance experiments does show this loop for

The role of the cytoplasmic loops and the carboxyl rhodopsin, as does a recent AFM stu@¥)( These studies,
terminus in stabilizing the disk membrane protein, rhodopsin, as well as recent solution NMR studies on the third
against thermally induced denaturation was investigated by cytoplasmic loops from other protein8% 36), show an
comparing the behavior of the intact protein to the proteolytic extended helixturn—helix motif that extends over a sig-
fragments produced upon cleavage of the carboxyl terminusnificant portion of the cytoplasmic face of rhodopsin (the
and the cytoplasmic loops. Proteolysis by trypsin has a two other cytoplasmic loops are short in contrast). Therefore,
relatively small effect on the stability of the protein. While the third cytoplasmic loop may offer a unique stabilization
the transition temperature is lowered by approximately 1 deg to the protein because of its interactions with other portions
at each scan rate, the activation energy of denaturation aof the protein, in particular, the carboxyl terminus and the
determined by the scan rate dependence of Theis second cytoplasmic loop.
essentially unaffected. Upon bleaching, the stabilizing influ-  In the unbleached state, papain-proteolyzed rhodopsin and
ence of 1leis-retinal is lost. Just as the unbleached trypsin chymotrypsin-proteolyzed rhodopsin exhibited similar calo-
fragment exhibited a stability little changed from the intact rimetric behavior. This was not the case after exposure to
rhodopsin, the bleached trypsin fragment differs very little light. After the papain-proteolyzed disks were bleached, the
from the intact opsin. This is not surprising since trypsin T, shifted to a lower temperature and the denaturation
only removes nine residues from the carboxyl terminus. In activation energy decreased relative to the unbleached state.
the crystal structure this region is not well-defined due to However, the two fragments consisting of a five-helical
the highB values 9). However, NMR 81, 32) and FTIR bundle and a two-helical bundle produced by papain pro-
data B3) indicate that these residues are involved in the teolysis remain associated and exhibited a single calorimetric
formation of a short stretch ¢gf-sheet. The energy required transition. This suggests favorable interactions at the interface
to break these hydrogen bonds and re-form the hydrogenbetween these fragments even in the absence of retinal.
bonds with water is not large. Therefore, this fragment may Interestingly, these two fragments will readily dissociate upon
dissociate. While it is also possible that the hydrogen bondsbleaching when solubilized in cetyltrimethyl bromid2s3].
are not broken upon proteolysis with trypsin, and the Because they apparently remain associated in the bilayer, a
fragment remains associated with the remainder of therole for the lipids in stabilizing the helix interactions is
protein, this is less likely due to the high solubility of the possible.
nine amino acid residue fragment. In contrast to the single transition observed for the

The role of the cytoplasmic loops can be investigated using bleached papain fragments, the bleached chymotrypsin
papain and chymotrypsin cleavage. Papain proteolysis cleavesragments exhibit two distinct calorimetric transitions. This
a substantial region of the carboxyl terminus (27 residues) suggests that the fragments, one three-helical bundle and two
as well as the third cytoplasmic loop. While chymotrypsin two-helical bundles denature as two subunits. Two of the
does not cleave the carboxyl-terminal residues, both cyto- fragments may be interacting strongly with each other and
plasmic loops 2 and 3 are cleaved. Upon cleavage by thesebehave as a single unit while the other is independent. It is
enzymes, rhodopsin becomes a complex of two (papain) oralso possible that the three fragments denature separately,
three (chymotrypsin) helical bundle fragments that maintain but the two-helical bundles have the same denaturation
the native absorption spectra. characteristics and the transitions are indistinguishable.

Two aspects of the DSC data should be particularly Interestingly, the denaturation activation energy is similar
noted: the number of calorimetric transitions and the for each of the fragments. In either case, the second
activation energy of the denaturation. Prior to bleaching, the cytoplasmic loop must have an important structural role
fragments produced by papain or by chymotrypsin proteolytic especially in the bleached state.
cleavages remain associated strongly enough to exhibit a In the crystal structure9j loop 2 is not well-defined.
single calorimetric transition. The denaturation activation However, high-resolution NMR determinations of the loop
energy for both papain and chymotrypsin fragments of regions indicate that the second cytoplasmic loop is an
rhodopsin is approximately 120 kcal/mol while that for ordered structure3(, 38). The second cytoplasmic loop is
rhodopsin and trypsin fragments is approximately 160 kcal/ likely important in maintaining the relationship between helix
mol. This suggests that the barrier to denaturation is lowered3 and helix 4 in the bundle of helices and, thus, their
relative to rhodopsin even while core structural integrity is interactions with other helices of the bundle. Helix 3 has
maintained. The common domain cleaved by both papain been shown in the crystal structure to lie largely within the
and chymotrypsin is the third cytoplasmic loop. It may be bundle, exhibiting extensive contact with helices 2, 4, 5, and
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6 (more helix-helix contacts than any other one helix). This
helix is thus central to the helical bundle and its stability,

and these data suggest that the second cytoplasmic loop 13

apparently helps to maintain the orientation necessary for
these interactions. In this view, the loss of that orientation
when loop 2 is proteolyzed reduces the helrelix interac-
tions sufficiently to enable two sets of helices to denature
independently.

These data can be placed in the context of the classes of

rhodopsin mutations that lead to retinal degeneratB8). (
Class | mutations are clustered at the carboxyl terminus while
class Il mutations are in the transmembrane helices and
intradiskal loops. Class | mutants exhibit retinal binding,
transducin activation, and phosphorylation. Class Il mutants
show defects in ability to form pigment by binding tis

retinal and have been suggested to be less stable than wild-

type rhodopsin. Our data demonstrate that the carboxyl-
terminal residues play only a small role in rhodopsin or opsin
thermal denaturation while the loop regions do play a detect-
able role. It is possible that class Il mutations destabilize
the protein so that it denatures more readily in the bilayer,
eventually resulting in photoreceptor cell degeneration.
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