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Abstract:

The goal of this research project is to investigate the three-dimensional structure of a specific peptide
segment of the retinal rod G protein, transducin, bound to light excited rhodopsin. This segment has
been shown to exhibit biological activity in much the same fashion as the full G protein. The segment
studied consists of a modified portion of the C-terminus of the alpha subunit of transducin that runs
from amino acid numbers 340 to 350. The peptide chain has been modified to prolong its biological
activity by the addition of N-terminal acylation, and the substitution of a lysine for an arginine in the
341 position.

This project studied this peptide segment using two-dimensional nuclear magnetic resonance and
computer refinement methods. The goal was to determine if the peptide has significant structure when
free in solution, in the presence of bovine rhodopsin in an unactivated state, and finally bound to
rhodopsin in its light excited form.

The NOESY build-up rates were somewhat similar for the dark- and light-bound experiments although
significantly more cross-peaks were observed in the light-bound experiments. The new cross-peaks
were mainly from sidechain interactions and interactions on the C-terminal end of the peptide. The
sidechain cross-peaks suggest more intimate binding in the light, and the increase in C-terminal
cross-peaks suggests that this end is important in the light binding. Measurement of the peptide-protein
exchange rates shows fast exchange on the cross-relaxation time scale. The final structures obtained
using iterative MARDIGRAS refinement are consistent with the idea of tighter binding in the light; the
dark-bound structures qualitatively show less overall agreement with each other than the light-bound
structures.

This project has yielded preliminary structures for the metarhodopsin 11-bound peptide segment. Work
continues in this laboratory to better define the dark- and light-bound structures and yield further
understanding of this protein interface.
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ABSTRACT

The goal of this research project is to investigate the three-dimensional
structure of a specific peptide segment of the retinal rod G protein, transducin, bound
to light excited rhodopsin. This segment has been shown to exhibit biological activity
in much the same fashion as the full G protein. The segment studied consists of a
modified portion of the C-terminus of the alpha subunit of transducin that runs from
amino acid numbers 340 to 350. The peptide chain has been modified to prolong its
biological activity by the addition of N-terminal acylation, and the substitution of a
lysine for an arginine in the 341 position.

This project studied this peptide segment using two-dimensional nuclear
magnetic resonance and computer refinement methods. The goal was to determine if
the peptide has significant structure when free in solution, in the presence of bovine
thodopsin in an unactivated state, and finally bound to rhodopsin in its light excited
form.

The NOESY build-up rates were somewhat similar for the dark- and light-
bound experiments although significantly more cross-peaks were observed in the light-
bound experiments. The new cross-peaks were mainly from sidechain interactions and
interactions on the C-terminal end of the peptide. The sidechain cross-peaks suggest
more intimate binding in the light, and the increase in C-terminal cross-peaks suggests
that this end is important in the light binding. Measurement of the peptide-protein
exchange rates shows fast exchange on the cross-relaxation time scale. The final
structures obtained using iterative MARDIGRAS refinement are consistent with the
idea of tighter binding in the light; the dark-bound structures qualitatively show less
overall agreement with each other than the light-bound structures.

This project has yielded preliminary structures for the metarhodopsin II-bound
peptide segment. Work continues in this laboratory to better define the dark- and
light-bound structures and yield further understanding of this protein interface.




CHAPTER 1
BACKGROUND AND LITERATURE REVIEW
Introduction

How cells detect their environment, respond to it and communicate these
responses to other areas of the cell or the entire organism are key research areas in
biological chemistry today. There are a variety of routes through which this
information is communicated - hormones, neurotransmitters, growth factors, and ion
channels that are selectively activated. All of the routes involve a receptor that can
specifically discriminate and respond to chemical signals from outside the cell. In
many cases the receptors are not themselves ion channels or enzymes, but are coupled
to specific enzymes to produce the desired cellular response. There are several
superfamilies of receptors that appear to have very similar structures within each
superfamily. The largest superfamily of receptors are coupled to amplifier proteins
called guanine-nucleotide-binding-proteins, or G proteins, and are called G protein

coupled receptors (GPCR).




Overview of G proteins

A review by Simon et al states that over 100 different G prot;ein coupled
receptors had been found in mammals by 1990(1). Current estimates are that there are
nearly 900 different GPCR in all species including insects and fungi (98). A classic
review by Gilman (2) in 1987 classifies and defines G proteins on the basis of their
structure and functions. His‘functional definition of G proteins is that they actlas
intermediates in transmembrane signalling by means of receptor-induced GTP binding.
The signalling pathway always consists of the sequence: Receptor -~ G protein -
Effector. As a structural deﬁnition; G proteins discovered to date are either
heterotrimers, consisting of «, B, and ¥ subunits or so-called “small G proteins” (1)
which appear to be homologous to a section of the heterotrimer ¢ subunit. These
small G proteins regulate cell growth, protein secretion and intracellular vesicle
interaction (3). This discussion will focus on th;e heterotrimeric G proteins, the class
in which the G proteins involved in vision are found. Among the receptors for the
heterotrimeric G proteins, virtually all are thought to have a heptahelical
transmembrane structure. The heterotrimeric G proteins are thought to exist in two
distinct states depending on the state of excitation of the receptor to which they are
bound (1).

Currently, the o subunits are believed to be key differentiators between G

proteins, whereas the  and y subunits are more similar to one another. Among all
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the known ¢« subunits, 20 % of the amino acids are fully conserved (4) and the «
subunits can be grouped into several different classes based on amino acid and

functional similarities (Tablp 1; reference 1).

Table 1. G protein designations and functions.

¢._Subunit Designation Function
G, stimulatory regulator of adenylyl cyclase
G, inhibitory regulator of adenylyl cyclase
G, stimulates phosphatidylinositol-specific
phospholipase C :
G, little currently known about function
G, , stimulates cGMP phosphodiesterase

Features of the Ge subunits to be noted are in the NH, and COOH terminal regions.
The NH, terminal region is believed to be involved in the interaction between the o
and By subunits and the receptor; and the extreme C terminal region is thought to be
involved with the recognition of specific receptors (1). A recent paper (5) changed
three of the four C terminal residues in a G, sequence to match those of a Gay, |
sequence and changed the receptor specificity vto-that of Ga,,.

The literature indicates that much less is known about the function and
structure of theb and y subunits. The review article by Simon et al (1) states that

four distinct GB subunits have been found in mammals, with over 80 % of their

amino acid sequences conserved. Tamir et al (6) investigated five different sources of
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GPBy and found only two highly conserved P forms. It is also postulated that the 30-
40 initial amino acids on the NH, terminal end of the B subunit is responsible for the
interaction with the y subunit (1). As for the y subunit, more diversity has been
found here, with up to seven different Gy sequences found (6). Tamir and co-workers
hypothesize that the GB subunits contain a common recognition site for various Ga&
subunits, while the Gy subunit is involved in receptor specificity.

In this research project the G protein involved is often referred to in the
literature as transducin or G, and is involved in the light activation of cGMP
phosphodiesterase (PDE) in retinal rod outer segments (ROS). G, is considered to be a
distinct type of G; protein by some researchers and it acts as an intermediate between
the transmembrane rhodopsin and the enzyme PDE bound to the cytoplasmic surface
of the membrane. Rhodépsin is able to function as a single photon detector in retinal
rods by virtue of G,, which acts as a pre-amplifier of the light signal and PDE which
acts as a power amplifier for the output signal of the receptor cell via the cGMP

cascade to be discussed further.

The Rhodopsin - G, Interaction

The rthodopsin - G, system has many advantageous features for study by
modern biophysical techniques. A key advantage of the system is the availability and
relative ease of isolatioﬁ of the rhodopsin protein and G,. Rhodopsin, along with its
associated lipids, can be rather easily isolated from bovine retinas (7). Since the

proteins in the rod outer segment are approximately 70% thodopsin (8), it is relatively
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easy to obtain rhodopsin in milligram amounts. Rhodopsih consists of two parts: the
protein opsin and the small chromophore retinal, which is closely related to vitamin
A9, 10).

If ease of obtaining rhodopsin is one of the advantages of this system, a major
complexity' of this system is the photocycle of rhodopsin. Shown in Figure 1 is a
diagram for the early events in the photocycle for rhodopsin, showing some of the
major intermediates, structures and absorption maxima of the chromophore at each
intermediate state (11). Several other intermediates have been described, including a
metarhodopsin III (MIIT) intermediate that can follow metarhodopsin II (MII) under

appropriate temperature and pH conditions (12).

RHODOPSIN m |
(498 nm) \\L
96

+_1ys?
hv BN N/
Lo
BATHORHODOPSIN

(543 nm) , N
LUMIRHODOPSIN SN SN N N h|lH

METARHODOPSIN I HY
(478 nm)

METARHODOPSIN T MT
(380 nm) y Hy0 ly5296
NH3
TRANS RETINAL S 2 Y e TN
lys2%
(387 nm) .

Figure 1. The rhodopsin photcycle. Shown are the changes in the chromophore
structure and the absorption maximum of each intermediate. [Taken from Nathans

(11)]
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vesicles containing unactivated (“dark”) rhodopsin (17), but not to pure phospholipid
vesicles. Studies have also shown that MII binds to the & subunit of the G protein
(18), but that the overall activity of the cyclic GMP cascade is dependent on all three
subunits of the G protein (17).

Three of the cytoplasmic loops of thodopsin (peptide segments 141-153, 230-
252, and 310-321) appear to be sites that interact with the G protein (19). The
specific areas of the G protein that interact with MII have been mapped by peptide
competition with formation of MII-G protein complex (7). Theée areas are segments
of the @ portion of the G protein trimer and consist of peptide segments 1-23, 311-
329, and 340-350, with the 340-350 segment being the most effective for the
stabilization of MII (7). Further work (20) has shown a modified version of the 340-
350 segment, where the N-terminal has been acylated and the lysine at residue 341
replaced with an arginine, provides a more persistent stabilization of MII than the
native 340-350. Amino groups are able to qon—speciﬁca;lly inactivate MII and the N-
acylation and K341R “mutations” remove two amino groups from the peptide without
compromising the initial stabilizétion of MII. The N-Ac-340-350 (K341R) segment
was therefore selected for the initial conformational studies of the binding site on the
rhodopsin MII intermediate, and the primary sequence of this peptide is shown in
Figure 6. Since this region consists of only eleven amino acids, it is a favorable
candidate as well for study by NMR techniques, which will be discussed in the

following sections.
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Relevant NMR Theory

NMR techniques have emerged as powerful tools for studying ‘the three
dimensional structure of peptides and small proteins under conditions similar to their
physiological states (see references 21 - 24 for some excellent review.anicles). In this
section, the relevant fundamental theory of NMR will be presented, along with the

theory and application of the NMR experiments that were used in this research.

The One-Dimensional NMR Experiment

Numerous articles and books have been written on the principles of NMR (23 -
31). Complete presentations of the detailed fundamental theory of NMR are quite
complicated and most generally involve product operator (23) or density matrix (26)
formalism. Howe\;er, the 1D experiment is relatively easy to picture. A samplel is
placed in a static magnetic field (conventionally referred to as B,). We will discuss
nuclei with a spin of 1/2 (e.g. 'H, C, ®N, or *P) which align parallel or antiparallel
with the magnetic field according to the Boltzmann distribution. These two states are
generally referred to as o and B, with the « state usually chosen to be the lower
energy level of the two. A short radiofrequency (rf) pulse is applied to the system
.along the x axis (B,), wlllich flips the spins into the y axis (z being defined as the
direction of B,). This magnetization will then precess about the z axis in the xy plane
and eventually relax back along the z axis. How fast the magneti.zation precesses and

relaxes depends on the chemical and motional environment of the spins involved, and
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amplitude of the different frequency components. The second 90° pulse also mixes the
components of the transverse magnetization and causes coherence transfer between
coupled spins. To illustrate this with a simple AX spin system, if A and X are
coupled, the magnetization on spin A precessing with frequency v, is partially
transferred to vy by the second 90° pulse. This magnetization then continues to
precess with frequency vy during the detection period. This traﬁsfer of magnetization
gives rise to the off-diagonal cross-peaks observed in COSY (33). To quote Gray (in
ref. 29):

The existence of the off-diagonal intensity is proof of spin coupling

between the proton at the shift value present in t, and the proton at the

detected shift value. '

An empirical rule for assigning standard COSY spectra is that cross-peaks are
generally observed only between protons separated by three or fewer covalent bonds
(27). This “short range” is an advantage since it allows starting with an easily
identified spectral peak (e.g. the aromatic peaks of a phenylalanine residue or the
terminal CH; group on a residue such as valine) and working back step-wise by way
of 2D cross-peaks to assign many of the peaks in simpler 1-D spectra. The |
assignment process in the case of peptides is assisted by the use of tables giving the ‘
obse_rved shifts of protons in amino acids in random coils (27). The COSY
experiment is limited, however;sinée the peaks occur in antiphase pairs limiting
resolution and there is often overlap of crogs-peaks in various regions of the spectrum.
It is often not possible to work through the couplings of each proton within a residue

by COSY alone. An alternative experiment to COSY that provides longer range
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coupling information is the homonuclear Hartmann-Hahn (HOHAHA) (34) or total
correlation spectroscopy experiment (TOCSY) (35). This experiment can, in theory,
reveal the entire spin system of each amino acid residue in one experiment by showing
all spin correlations, not just those between protons separated by three or fewer bonds.
The TOCSY experiment can also be set up so that the resulting spectrum gives all
cross-peaks with positive intensity and a pure absorption mode (35) rather than in
COSY where each peak occurs in positive and negative intensity pairs with phase-
twist line shapes (26). The pulse sequence for TOCSY is given in Figure 12. Note
that the single detection pulse of the COSY experiment has been replaced with a spin-
lock. The spin-lock is created with a set of short pulses to minimize sample heating.
The most common spin-lock pulses for TOCSY is the MLEV-17 (34) series. During
the time of the spin-lock, magnetization can flow between protons at a rate determined

by their J coupling (24) so that all correlations in a system are obtained.

ety

Ul eens

Figure 12. The pulse sequence for the TOCSY experiment.

\ 4

- t

The Two-Dimensional Dipolar Relaxation Experiments:
Through-Space Interactions '

Two NMR experiments are extremely useful in detecting nearest neighbor

relationships to finalize peak assignments. The first of these, 2-D Nuclear Overhauser
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and Exchange SpectroscopY (NOESY), uses a phenomenon known as the nuclear
Overhauser effect (N OE) to determine the proximity of pairs of protons through space.
Before discussing NOESY, and the related ROESY experiment, a short discussion of
the nuclear Overhauser effect is in order.

To quote from Derome (28): “the NOE is a change in the intensity of an NMR
resonance when the transitions of another one are perturbed”. In the originél
continuous wave or pulsed FT observation of the NOE, the perturbation used was
saturation of one signal while changes in intensity of the signals of other nuclei were
observed. This technique provides a way to get information about the existence of
“through space” dipolar couplings in a molecule, which in turn can be related to
internuclear distances and molecular motions. - When we speak of "saturation”, this.
means that the population differences across one or more transitions are eliminated.
This leads to another interpretation of the NOE as being:

...an attempt of the total system to stay at thermal equilibrium; we have

forcibly changed the population differences of part of it, so other parts

change in compensation (28).

To fully understand NOE's, it is necessary to examine the relaxation pathways
available to nuclear spins in the molecule. In addition to the dipole-dipole interaction,
which gives rise to the NOE signal, spin-lattice relaxation mechanisms discharge
magnetization in competition with the NOE pathways. The energy levels of the
simplest two-spin system that can exhibit NOE and the different possible relaxation

pathways between these levels are diagrammed in Figure 13.
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NOE cross-relaxation during the t, (T, ) time. The amplitude cross modulation by
cross-relaxation during t_, leads to off-diagonal cross-peaks analogéus fo the 1D NOE
experiment. By going through a regularly increménted series of evolution times (e.g.
incrementing t,), each spin has an amplitude modulated nonequilibrium population
distribution with a frequency equal to the offset from the carrier. Therefore all
pqssible population transfers will occur. The amplitude of the magnetization transfer
that has occurred is sampled by the third 90° pulse, which is followed by the usual t,
detection. When the cross-modulation of transverse magnetization observed has come
from dipolar relaxation between two spins during t,;, an off-diagonal NOESY signal
is observed. Note that this puise sequence also detects chemical exchange, but Hull
states (in reference 29) that for small molecules chemical exchange and NOE effects
have opposite signs, so the NOESY experiment does distinguish between these two
effects if performed in a phase-sensitive mode. Later where transferred NOESY is
discussed, the case of interest is fast exchange where the two ﬁates for each nucleus
have a single resonance frequency. Under this condition, the NOESY does not detect
chemical exchange directly becayse separate peaks are needed to see exchange peaks
between them.

There is one potentially major complication with the NOESY experiment,
however. Depending on molecular size, tumbling rates and the applied field, NOE's
can be observed as either positive or negative peaks. Abraham et al (30) make the
generalization that small molecules display positive NOE's and that large moiecules

display negative NOE's. This leads to the obvious questions of what is “small”,
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“large”, and what about a molecule that is “intermediate” in size? The NMR
parameters that govern ﬂlis behavior are @ (the angular Larmor frequency) and the T,
(the rotational correlation time of the molecule). If the product w<t, is approximately
equal to 1, the observable NOE signal is zero, as seen previously (Figure 14).
" Berstein (in ref 29) refers to this condition as “somewhat rare”, but it is important to
note that wt, = 1 corresponds to molecules with molecular weight of 1000-2000 - fhe
size range of many peptides of interest. Fortunately, the CAMELSPIN or ROESY
experiment has been developed to overcome this intermediate molecular weight
problem. The original experiment reported for detecting NOE's on these intermediate
size molecules was called CAMELSPIN (Cross-relaxation Appropriate for
Minimolecules Emulated by Locked SPINs) (37), but is now more commonly referred
to as ROESY (Rotating;frame Ove;hauser Enhancement SpectroscopY) (38) to make |
the connection that this is related to a NOE experiment.

In the ROESY experiment, the magnetization transfer is performed using spin-
locking in the rotating reference frame. In the laboratory frame, we can envision the |
sample in a static magnetic field, B,, and a radiofrequency field, B,. This combination
of fields, along with the precession of the nuclei makes for a conceptually complicated
system. The rotating reference frame éhnpliﬁes this by‘ setting a coordinate system
that rotates at the nuclear precession frequency instead of the laboratory Cartesian
coordinate system (28). The pulse scheme for ROESY is shown in Figure 16. This

pulse sequence serves to give rotating frame NOE's that are always positive and which

increase in magnitude for increasing T, (38). The theory behind why the rotating
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small and positive, approaching zero (41), or slightly negative depending on the details
of the peptide and experimental conditions. When bound to the protein, the peptide
experiences the long correlation time of the protein (t, > 10® s) which gives it large,
negative NOE values (44) due to the more efficient cross-relaxation between protons
in the bound form of the peptide. The basis of TRNOE is that when there is rapid
chemical exchange between the free and bound fo@s of a ligand, information can be
obtained concerning the bound conformation of the ligand (41) since the loss of the
qross-relaxation information obtained in the bound state is quite slow in the free state.
The NMR measurement of the free peptide signal is possible since these' lines are very
much narrower than those of the bound peptide, and through chemical exchange, the
free peptide retains the spin population inform;ition of the bound state for times
compatable to the T, of the free peptide. This can be seen by considering the binding

reaction:

where P is the peptide, R is the receptor and PR is the peptide-receptor complex. If P
is in excess, k;[R] can be rewritten as a pseudo-first order rate constant k,’. As long
as the peptide’s exchange rate with the receptor, k; + k', is substantially faster than
the total spin-lattice relaxation rate (T,) of the nuclei, a TRNOE signal can be
observed. As long as k; + k' is > 10 times faster than the maximum cross-relaxation
rate the TRN OE‘is most straightforward to interpret. This process is depicted
schematically in Figure 18, and a discussion of the kinetics of the peptide-receptor

exchange follows. A detailed theoretical evaluation of the TRNOE effect using the
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many cases, where the free peptide has small NOEs, even if there is a large excess of
free peptide (as is generally the case), p'o;’ « p,0;" and the resulting NOE observed is
dominated by the bound-state NOE. Analysis of the data is also simplified if k, (the
peptide off-rate) is > 10 times the largest bound cross-relaxation rate (i.e. the peptide
is in fast exchange) with respect to cross-relaxation.

Recent work by Davis, London and coworkers (45) has demonstrated a means
for measurement of k, based on the dependence of the T,, relaxation rate on the
strength of the applied spin-lock field. T,, is the time for relaxation of magnetization
that is parallel to a spin-lock field, but not necessarily in the transverse plane of the
static field. ‘They have shown that the relaxation rate R,, (R,, = 1/T,,) when plotted
versus the spin-lock power can be fit by the following equation:

R, ™(wg) = pleos’(Bp/T, + sin*(Bo)/T,]
+ pylcos’(Bo)/T," + sin®(By)/T,"]
+ pysin®(B)A 0K/ (ko *+ @g )]

Several terms in this equation are familiar, while others are not. The P terms refer to
the angle between the effective field (spin-lock and offset fields) and the static field,
A w is the chemical shift difference between the free and bound resonance of interest,
and k., = k,p;. The measurements of T, and T,! are straight-forward, and T," and T;b
must be calculated from experimental data. Since the observed T, and T, in the
presence of the receptor will contain a great deal of free peptidé, a true value for the
bound state relaxation parameters must be calculated. London et al (45) provides a

relationship:

1 _Pf+Pb

T 1obs Tlf le
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with an analogous equation for T,. Experimentally determined values of p;, py, Ty,
T,', T,", and T,® can then be put into a fitting program, along with experimental values
of R,, and wg and the k., and A © parameters are varied to best fit the calculated
data to the experimental values. Additional theory on the relationship of the off-rate
and other Kkinetic factors can be found in publications by London and coworkers (46,

47) and by Hallenga and co-workers (48, 49).

Computer Methods

In the course of this research, several computer programs were employed to aid
in the refinement of the structure initially obtained from the simplest interpretation of
the NMR data. These methods are described briefly in the following sections and

further details are given in the discussion in chapter 5.

Energy Minimization

In a molecular energy minimization, an equation describing the energy of a
system as a function of its nuclear coordinates is defined and evaluated for a given
conformation. The gradient (slope) of the energy as a function of distortion of the
coordinates is calculated and the conformation is adjusted to move downhill on the
energy gradient to lower the value of the energy expression (50). A forcefield is used
to model the potential energy surface of the molecule as a function of distortions of
the coordinates of the molecule. Specific energy minimization routines that will be

used in this project are the methods of steepest descents and conjugate gradients.
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In a steepest descents energy minimization the position of the search on the
potential energy surface is updated whenever the trial point has lower energy. This is
considered to be a fairly “robust” method of minimization, used when structures are
far from their global energy minimum.

In a conjugate gradients minimizétion, each point in the minimization produces
“a complete basis set of mutually conjugate directions” (50), which allows a quicker
convergence to the minimum, without the ésciﬂations that are normally a part of a
steepest descents procedure. Minimizations are ma;hematically considered to be
converged when the derivatives of the function are zero and the second derivative
matrix is positive definite. Practically, a minimization is considered to have converged
when the root-mean-square (RMS) values for the atomic derivatives have reached
some arbitrarily defined small criterion value. This value can range from 1.0 kcale
mol?eA for a molecule that will undergo further molecular dynamics analysis, to

0.02 kcalemol A" or less for a well-miﬁ'mized final structure of a protein or

polypeptide(50).

Molecular Dynamics

In a molecular dynamics simulation, the program solves the equations of
motion for a system of atoms. These solutions model the time-dependence of the
molecular motions, and also allow the molecule to cross energy maxima so that the
conformational energy space can be explored (50). In a dynamics run, the temperature
of a system is held constant by modelling the system as being in equilibrium with a

constant temperature heat bath. This allows molecules to fluctuate energetically and
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conformationally using thermal energy to cross energy baﬁiers. Molecular dynamics,
therefore, is less likely than molecular minimization to lead to a molecular
conformation that is trapped in a local, rather than the global, energy minimum. Two
review papers (51, 52) on the use of molecular dynamics and its applications to

biochemical models are suggested for further reading.

Simulated Annealing

Simulated annealing can be described as “a protocol for finding low energy
structures by mimicking the natural processes of heating and cooling.” (50) There are
several different ways that simulated annealing is carried out. The protocol used in
this project first greatly reduced the repulsive force constants in the molecular
potential functions, and then gradually increased the force constants to their full values
followed by thermal cooling and energy minimization (53, 54). Figure 19 shows a

flow-chart for the simulated annealing protocol that was followed in this work.

MARDIGRAS Structure Refinement

To a first approximation, the intensities of NOE cross-peaks can be related to
llrif, where 1; is the distance between the two protons involved (see discussion, page
21). The approximation that treats the two protons as an iéolated spin system is
known as the isolated spin-pair approximation, or ISPA. It assumes that there are no
other relaxation pathways that affect the observed cross-relaxation ‘rate and consequent
NOESY signal. Use of ISPA can generate an approximate structure based on the

NOESY data, but the neglect of relaxation pathways to other nearby protons can cause
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Project " Randomize
Definition Coordinates
association of topology
with restraint data
; 1000K initial low force
Presp::rgaetlon constants setup

‘; 1000K increase restraint
Folding force constants first, then
stage covalent gaometry from

J7 torcefield 30-40 ps

) anneal to 300K
C;:h:g increase to full nonbond
g 10-20 ps

TP 300K minimize against
Minimization physical forcefield until
stage convergence criteria met

Figure 19. Generalized Simulated Annealing Protocol [From (53)]
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substantial errors in distances. Methods have been introduced to more completely
model the influence of other protons in the local environment (55 - 58). Two methods
that were used in this project to overcome this problem were CORMA (COmplete
Relaxétion Matrix Analysis (57, 58)) and MARDIGRAS (Matrix Analysis of
Relaxation for DIscerning ihe GeometRy of an Aqueous Solution (56, 58)).

CORMA is designed to use the approximate structure generated by ISPA to -
calculate a complete matrix of cross-relaxation mlxmg coefficients which are
proportional to the NOESY intensities (58).‘ CORMA expands on the ISPA model by
calculating the effects of other nearby protons in the structure on the spin pair of
interest; effects that were ignored\in ISPA. The MARDIGRAS program theﬁ

iteratively uses the matrix generated by CORMA to get the best set of distances to fit
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the observed NOESY constraints and the approximate structure. Two important points
of the MARDIGRAS program to note are that it only allows distances with observed |
intensity to change throughout the course of iterations, and that known distances (i.e.
geminal protohs) are not allowed to change. MARDIGRAS seeks convergence “in a
self-consistent set of di§tances which simultaneously satisfy the experimental
intensities and the set of model intensities” (58) that are derived from the approximate
structure. The convergence of a MARDIGRAS run can be evaluated using the so-

called R and Q factors, which are defined as:
R(T) =X B (7 -Ty (7 | 3 By (7))
7 ¥

QA7) =3B (1 “Ty (r) U Y By (r) +Y. Ty (7))
i g ¥

where Ei(7,,) is the experimental intensity of the cross-peak between protons i and j at
mixing time T, and Tj(7,) is the theoretical intensity (59). When a MARDIGRAS
calculation is finished, the calculated distances are used fo generate an improved
structure with simulated annealing and/or molecular dynamics. This irnproveq
structure can then be used as a new starting point for CORMA, and the cycle'of
CORMA and MARDIGRAS calculations repeated until the distances obtained

converge.
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Applications of NMR and'Computer Methods to Peptide
and Protein Structure: A Brief Look at the Literature

In the past ten years, as NMR spectrometers and the computers associated with
them have become more powerful, the use of 2D, 3D and 4D NMR has become more
and more routine as a method to study conformations of all types of molecules. Many
early experiments studied the basic pancreatic trypsin inhibitor (BPTI), a 58-amino
acid protein, since a high-resolution X-ray crystal structure of it was available (24,
60). The structure of BPTI is well defined in solution and it contains three disulfide
bonds which stabilize the structures against unfolding. Indeed, BPTI continues to be
used as a reference molecule in the development of new experiments (61) and testing
computer analysis of data in the form of molecular geometry programs (52, 62).

Many early studies addressed thg bendé and turns commonly observed in
peptide and proteins (22, 63 -67) and how they would manifest themselves in NMR
spectra. This has allowed compilations of tables (24, 27, 66) of NOE interactions that
can be observed in polypeptide chains in different conformations. Chemical shifts of
different residueé in random coils and the assignment of amino acid spin systems and
NOE interactions are used to elucidate their solution structures (27). Care must
always be used, since the chemical shift of a given amino acid proton can vary with
the environment of the residue (68).. Another area of caution in the NMR

spectroscopy of peptides and proteins is the exchange of the amide protons with water
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(69). This can be a problem if a sample is run in concentrated enough D,O to allow
for a significant afnount of H = D exchange or if the pH is sufficiently high to favor
rapid exchange with saturated solvent resonances. The problem of suppression of the
H,O signal (which is 110 M compared to millimolar peptide signals) has also been
addressed in many hardware and software schemes (61, 70 - 72).

Structures determined by NMR have ranged from peptides (74 - 80),
hormones and coenzymes (73, 81), an insulin monomer (82), short DNA sequences
(83) and small proteins. | Of particular interest in the present research are systems
where the TRNOE effect has been successfully employed to determine a receptor-
bound structure. This includes the early work of Clore and Gronenborn (41, 42) on
the interaction of adenosine 5-monophosphate with a variety of dehydrogenases and
the work of Sykes and Campbell’s group on the troponin I - troponin C interaction (31,
44, 84, 85). Campbell and Sykes papers contain many other references to relevant
literature. Most of the work in this field has been determining the intramolecular
TRNOE signals, although work is underway in the group of Professor Jacob Anglister
which also investigates intermolecular TRNOE signals (86 - 88).

The use of NMR constrained molecular dynamics and simulated annealing to
refine structures is well documented in the literature. Nilges et al have ﬁsed NMR
constrained simulated annealing to investigate the structure of crambin (a 46 residue
peptide) and potato carboxypeptidase inhibitor (a 39 residue peptide) (54). The
laboratory of Professor Holak has used simulated annealing in combination with

distance geometry to investigate the three dimensional structure of the E. coli acyl
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carrier protein(89) and a squash trypsin inhibitor, including the stereospecific
assignment of the side chains (90, 91). Other groups have used a combination -of
NMR constrained molecular dynamics and distance geometry to study the structure of
neutrophil peptide 5 (92) and a human parathyroid hormone fragment (93). Several
excellent review articles on the use of NMR methods in protein structure
determination have been published by Bax (24), Clore and Gronenborn (102-104),

Opella (105), and Wiithrich(62).
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CHAPTER 2
STATEMENT OF THE PROBLEM TO BE SOLVED

The goal of this research project was to investigate the rhodopsin-bound three-
dimensional structure of a specific bioactive peptide segment of the retinal rod G

protein, transducin. This segment has been shown (7, 20) to possess biological

activity similar in some respects to the full G protein. The segment studied consists of

a modified portion of the C-terminus of the ¢ subunit of the retinal rod G protein

transducin (G,) that includes amino acid numbers 340 to 350. The peptide chain has

been modified to enhance the persistence of its biological activity by the addition of a

N-terminal acylation group, and the substitution of a lysine for an arginine in the 341

position. The peptide under study is referred to in shortened notation as Go Ac-340-

350(K341R) to reflect these modiﬁcationé. This project studied this peptide segment
using two-dimensional nuclear magnetic resonance (NMR) aﬂd computer refinement
methods to investigate the structure of the peptide when free in solution, when the
peptide is bound to bovine thodopsin in an unactivated (dark) state, and finally when
the peptide in solution is bound to rhodopsin in its active, metarhodopsin I (light

excited) form.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

Preparation of Bovine Rhodopsin and Peptides

Critical to the success of this research is the preparation~and purification of
both the thodopsin in retinal rod membranes and the peptides to be used. The
thodopsin in retinal rod membranes used in most of the experiments to be repo?ted
was supplied by the laboratory of Professor Heidi Hamm. The retinal rod membranes .
used were isolated from Bovine retinas and suitably washed in low salt to remove the
native G protein and other proteins bound to the surfaces of the membranes (7, 20).
The rod outer segment membranes were washed in the NMR medium which consisted
of a solution of 100 mM NaCl, 0.02% sodium azide (NaN;), 1 mM dithiothreitol
(DTT), and 0.2 mM ethylenediaminetetraacetic acid (EDTA). Rhodopsin
concentration and purity were checked by ultraviolet/visible absorption spectroscopy
on a Shimadzu UV 3000 spectrometer in a s.cattered transmission sample compartment.
A small aliquot (10 microliters) of a rod outer segment sample was diluted to 1000 |

microliters with the final wash solution for measurement in the spectrometer.
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Figure 20 shows a sample spectrum from a typical uv/vis run. The spectrum, with its
maximum at 500 nm (A, for thodopsin) and lack of absorption at 380 nm (A, for
metarﬁodopsin ) shows.that the thodopsin has not yet been exposed to light, which is
a prime concern at the start of each experiment. The spectrum is also corrected by the
subtraction of a scattering baseline. Table 2 gives sample calculations to determine

the concentration of native rhodopsin in the sample.

Table 2. Sample calculation of rhodopsin concentration in ROS membranes.

498 = - 0 037 = -7
A 0. 037 C (40, 600) (1) 9.13x10'M

(9.13x107) (810 pL) _ Sag
S ST AR 7.38x10 M= 0. 0738 mM

7. 38x10 mmol/ mL x 40, 000 mg/ mmol = 2. 66 mg/ mL

The peptide was synthesized using standard solid-phase FMOC (9-
fluorenylmethoxycarbonyl) chemistry with Bop/Hobt (benzotriazolyloxy-
trisdimethylaminophasphoniumhexaﬂuorphosphate/hydroxybenzotriazole) activation on

a Milligen 9050 peptide synthesizer. DMF (dimethylformamide), DCM

(dichloromethane), and piperidine used in the synthesis were HPLC 'grade as supplied

by Fisher and VWR. The peptide was purified by HPLC using a Vydac C18 reverse
phase preparatory column, and analyzed on a Vydac C18 reverse phase analytical
column. Peptide purity was estimated to be greater than or equal to 95% by UV

absorbance of the phenylalanine ring in the peptide. Peptide molecular weights were
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into an NMR tube. At this time, 25 microliters of 99.9% deuterated water with 0.75%
3-(trimethylsilyl)propionic-2,2,3,3-d, acid, sodium salt (D,0/DSS) was also added.

The D,O served as the lock signal for the NMR, and the DSS as the internal standard
in determining chemical shifts. Once the sample was in the NMR tube, the tubes were
back-filled with argon gas for 30-second intervals, inverted 10-15 times and the
procedure repeated three times to remove excess oxygen that could slowly oxidize
cysteine andfor DTT in the 'sample and could also interfere with certain aspects of the
NMR signals (30). After NMR experiments on the free peptide in solution were
completed, rod outer segment membranes that had been pH adjusted to match the
experimental pH ‘were added to the NMR tubes. The samples were re-purged with
argon in the manner described above. If the addition of membrane solution was found
to have diluted the D,O to a level where it was difficult to obtain a sufficiently strong
lock signal, additional D,O/DSS was added, but never to exceed 10% of the total
sample volume. ROS membrane samples were kept cold (0°C) in a light-tight
container at all times, including when they were being transferred from the laboratory
to the NMR instrument. Bleaching of samples, to obtain the activéted peptide-MII
complex, was accomplished while the sample was immersed in an ice-water bath and
exposed to light from a 250-watt tungsten/halogen illuminator equipped with a
parabolic cold mirror and light pipe. The illumination was passed through a yellow
long wavelength pass optical filter with a 510 nm cutoff. The samples were exposed

to light between two and four minutes.
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NMR Hardware Conditions

All NMR experiments were conducted on a Bruker AM-500 spectrometer using
a proton selective probe. The proton probe had been kept updated by Bruker to give
optimum water suppression. Critical to the success of the NMR experiments was the
ability to accurately control the temperature of the sample in the probe for the entire
course of the experiment. The spectrometer was equipped with a Bruker Eurotherm
temperature control unit, which gives a rated temperature stability of 0.1 °C. The
Eurotherm controller was calibrated using a methanol standard to ensure that it was
reading the proper sample temperature. ‘All experiments were conducted at 1°C, which
required other external hardware modifications to the NMR system. A special non-
magnetic heat exchanger was cdnstructed that was placed next to the NMR magnet to
ensure a short transfer line to supply a continuous supply of cold, dry air to the probe.
The Eurotherm controller was used to heat the cold air to provide temperature
stability. The air was taken frém a compressor, boil and water vapor were removed
using three dryers in series. The dry air was run through a 25-foot length of copper
tubing immersed ‘in a ethanol cooling bath that was maintained at -40.0°C. Insulated
lines then ran from the cooling bath to the heat exchanger for both ethanol and air.
The heat exchanger contained a copper coil (approximately 5 feet long) which the air

passed through, that was immersed in ethanol circulating from the -40.0° C cooling
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bath. The connection for the heat exchanger to the probe was short (approximately 8

inches) and well insulated.

NMR Signal Processing

NMR experiments were performed using spectrometer control software |
provided by Bruker that was n;odiﬁed for some of the experiments. In particular the
NOESY experiments were modified to use a “jump and return” pulse sequence to
suppress the water signal (94), an adjustable change in D0/2 to help flatten the
baseline in £, (95), and hardware phasing (PHO and PH]1) to flatten baselines in f, (96).
Raw NMR data was transferred via an ethernet connection by the program Bruknet
(Bruker Instruments) to Silicon Graphics Indigo or Indigo® workstations. Data was
then processed using the NMR software FELIX (Biosym Technologies) using several
macro routines written by Chris Lambert in our laboratory. Structure analysis was
carried out using programs contained within the Discover (50) and NMRchitect
packages (53) and the structure refinement program MARDIGRAS (55), obtained from

Professor Thomas James at the Department of Biochemistry and Biophysics at the

University of California - San Francisco.
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CHAPTER 4

EXPERIMENTAL DATA

Ac-340-350(K341R)/Rhodopsin Stability _Studies

NMR studies used in determining the étructure of the peptide when bound to
light e.xcited thodopsin required the estabiishment of experimental conditions that
would give an Ac-340-350(K341R) (peptide)-metarhodopsin II (MII) complex that was
stable for a minimum of 4-6 hours. Work doﬁe by other researchers (Thierault and
Dratz, unpublished data) had shown that the peptide-MII complex could be stabilized
for varying lengths of time at high (> 8) pH. These higher pH studies were unsuitable
for NMR work, since the rate of hydrogen-deuterium exchange by amide protons has
been shown to be pH dependent (29), and to increase above pH 7 to the point that it
obviates the abili‘ty to observe the amide protons in NMR. The present work
investigated lower pH conditions. Another concern in the stability studies was ﬁought
to be the conflicting effects of elevated peptide concentration on destabilization of the
peptide/MII complex and the positive dependance on peptide concentration of the
signal-to-noise in the transfer-NOE experiments. Several sets of experiments to
investigate the stability of the MII-peptide complex as a function of pH and peptide

concentration were carried out, and a representative set of data will be shown
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in the foliowing discussion.

It should be noted that in the following experiments the peptide/rhodopsin
(Rho) concentration will be referred to, not the peptide/MII concentration. The
concentration of Rho in the dark membranes can be determined spectrophotometrically
at the beginning of an experiment (see Chapter 3, Figure 20 and Table 2), whereas
sample bleaching may not be 100 % complete, peptide stabilization of MII is certainly
not 100 % efficient, and other intermediates will be present in variable amounts. All
peptide ratios are expressed as between the peptide and the initial concentration of
rhodopsin. Figure 23 shows uv/vis absorpﬁon plots (difference mode) for the 15:1
peptide/Rho concentration as a function of time after bleaching at pH 6.5 and 5 °C,
allowing observation of the decrease in absorbance at 380 nm (the MII absorbance
maximum) to be measured. The top trace (between 340 and 410 nm) is the first scan
immediately after bleaching, with a scan time of two minutes between 650 and 250
~ nm; subsequent traces are taken at 15 to 30 minute intervals (see Figure 24). The
half-life of the complex was determined by plotting the natural logarithm of the
absorbance difference at 380 nm (maximum absorbance wavelength of MII) relgtive to
the unbleached sample versus the time after the bleaching of the sample was
completed. An example of a plot of this data is given in Figure 24. An initial linear
regression was performed on the first seven data points since the data is r;ot linear
over the course of the entire experiment, and a second regression performed for the
residual later data. The line shown in the plot has an equation of log A = -0.0022 x

time - 1.01 and first-order kinetics implies the half-life of this complex as 2.3 hours.
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The source of the slower decay beyond 150 min is thought to be due to the build-up
of the MIII intermediate. Litman and coworkers have shown (16) that MIII can be
pulled back to MII by the intact G, heterotrimer. Since the G, heterotrimer can
stabilize MII relative to MII, it is likely that the most active Ga-340-350 can also do
- so. Shifting of the MII=MII equilibrium toward MII by the peptide could reasonably
give a slower decay of MII as MIII appears. Data for the rate constants at various
peptide concentrations, along with the pH dependance of the initial (fast) decay rate, is
given in Figure 25, with the slower decay rate constants at pH 6.5 plotted in Figure
26. The dominant effects in the initial decay are stabilization of MII with increased
peptide concentration, but destabilization at the lower pH. It is also possible that the
slower decay phase of MII is due o retinal formation which has peak absorbance at
387 nm. A large number of uv-vis experiments at pH 6.5 with various peptide
concentrations all appear to give long enough MII-peptide stability for NMR
experiments to be carried out at these conditions (see Table 3). On the basis of this
data, combined with knowledge of the amide exchange rate as a function of pH, it was
determined that the best pH condition to try for the NMR experiments was pH = 6.5.
The NMR work was started at an initial peptide/Rho concentration of 100:1, and
peptide concentration was gradually incremented to lower values. Data for a numi)er
of these experiments is summarized in Table 3.

Lower peptide/protein ratios were emphasized in the present work because of
an initial miscalculation of the MII decay rate as a function of peptide concentration at

pH 6.5. Further experiments with the Ac-340-350(K341R) peptide should be carried




CB

AT

2/%/1>82

D 2/%//82

2/%/1882

2/%/1/8

2/%1/88
0 1%, 1%8 I%C /%8 [%H /%K J%H (%l

BC7 "!# &+# # +)"#" GB+BH)('1&A +)% 94 '"1&
) )T

2/ HIF 2

2/ K>, 2
2/ H>C %2
2/ H>H2

%//>
AW s 106 6L [%C %8 [%H %K J%F /%

1 <=

B=7 4)'&# # &+# +) W' GB XBH)(1&A +)%' 9 #' =7CT



53
out at higher peptide concentrations, which will prolong the persistence of MII for
better signal-to-noise. The higher peptide concentrations may not in.creas<a the signal-
to-noise ratio of the transfer NOESY experiments done in the sanie time frame unless
the amount of receptor protein is also increased. This is due to the fact that
intramolecular TRNOESY increases with the percent of bound peptide (p,), and p,

goes down with elevated peptide at a fixed protein concentration.

Table 3. Stability of Peptide/MII complexes.

Peptide/Rho ratio pH Half-life (k®™)(hr)  Halflife (k**")(hr)
30:1 7.0 2.26 NA
50:1 7.0 4.54 NA
100:1 7.0 6.95 NA
15:1 6.5 2.30 7.0
50:1 6.5 227 19
100:1 6.5 3.00 32

Free Ac-340-350(K341R)

Spectral Assignment

The assignment of the proton resonances in the free peptide was accomplished
with two principle experiments. *The first experiment used is TOtal Correlation
SpectroscopY (TOCSY). This experiment allows the assignment of most of the
protons in a given spin system, in this case each amino acid residue, in a single
experiment. Figure 27 shows the backbone aH - NH region of the TOCSY spectrum
of the free peptide; the other regions of the TOCSY spectrum are shown in the

Appendix. The TOCSY spectrum leaves some ambiguities in assignments when
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_ residues have very similar or overlapping shifts, so Nuclear Overhauser and Exchange
SpectroscopY (NOESY) experiments were also carried out to complete the
assign:ﬁents. In a NOESY experiment, the cross-peaks are the result of cross-
rélaxation between two protons within an acceptable distance of each other in space,
not because they are a part of the same coupled spin system (see Chapter 1). Figﬁre
28 gives the NH - aH and NH -sidechain region of a NOESY spectrum, with a
mixing time (T ;) of 150 msec, for the free peptide. Other regions of the NOESY
spectrum are shown in the Appendix. At‘this mix time, the NOESY spectrum of the
free peptide is weak and longer mix times were useful to confirm assignments (data
not shown). A tc')tal of 22 NOESY cross-peaks were observed in the free peptide, with
.the majority of them being either intra-mononer NH - «H or sequential inter-monomer
NH - aH. 'By using these two experiments, all protons of the free peptide were

assigned. The list of assignments for the free peptide is given in Table 4.

NOE Build-up Rates

Another important set of experiments for the freé peptide was the determination
of the rates of NOE build-up for various protons. This information is useful in the
computer simulations and indicates t,,;, values where the system is in an approximately
linear build-up region. When the build-up is nearly linear, the NOE intensity is
approximately inversely proportional to the sixth power of the distance between two
protons. Comparison of NOE build-up rates between the free, dark-bound, and light-
bound peptides show new relaxation pathways as the peptide undergoes changes in

conformation as it binds to rhodopsin and metarhodopsin II. NOESY experiments
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Table 4. Assignment of proton shifts in the free Ac-340-350 (K341R) peptide.

Proton Chemical Shift (ppm) Proton Chemical Shift (ppm)
- Ile NH 8.36 Lys NH 841 :

Ile aH 4.10 Lys oH 428 '

Ile BH 1.84 Lys pH 1.83

Ie yCH,  1.22, 1.50 Lys yH 1.44

Ile yCH, 0.92 Lys 6H - 1.68

Ile 5H 0.89 Lys eH 2.99

Arg NH 8.63 Asp NH 8.48

Arg cH 4.36 Asp cH 4.62

Arg BH 1.78, 1.88 Asp PH 2.68, 2.78

Arg YH 1.66 Cys NH 7.81

Arg 6H 3.22 Cys aH 445

Arg eNH 6.54, 6.98 Cys BH 2.96, 3.19

Glu NH 8.63 . "Gly NH 8.65

Glu oH 4.24 -Gly aH 3.95

Glu pH 1.95, 2.03 Leu NH 8.08

Ghu yH 2.28 Leu aH 4.32

Asn NH 8.68 Leu BH 1.46, 1.53

Asn aH 4.70 Leu YH 1.51

Asn fH 2.77, 2.87 Leu 6H 0.83, 0.91

Asn NH, 7.05, 7.77 -~ Phe NH 8.44

Leu NH 8.42 Phe oH 4.52

Leu oH 4.34 Phe PH 2.99

Leu BH 1.68 Phe 2,6H 7.24

Leu YH 1.62 Phe 3,5H 7.35

Leu 6H 0.87, 0.94 Phe 4H 7.30

were run on the free peptide at a variety of mixing times (t,;,): 100, 125, 150, 200,
and 400 msec. Figure 29 shows the build-up rates for several representative protons in
the peptide. These protons were selected for the graph since they show a backbone

NH-CaH inter-monomer interaction, a backbone NH-CoH and CBH-CyH intra-
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monomer interactions. In each of these cases, the NOE build-up maximized by the
200 msec mixing time or showed little further increase at 400 msec. Since the peptide
should show faster relaxation times when bound to the proteiri (41, 42), this also
determined that when the peptide-protein experiments were carried out, that 200 msec
was the longest mixing time that needed to be investigated. This is very useful
information, since the light activated state of the protein has limited stability.
Experiments with shorter mixing times take significantly less time to run than the long
mixing times such as 400 msec. Also, since fresh samples are needed for each mixing
time in the light-excited samples, it is useful to avoid mixing times that have little

chance of providing useful data.

Relaxation Rates’

The final measurements on the free peptide were determination of the
longitudinal (T,) and transverse (T,) relaxation rates. T, for the free peptide was
determined by the use of an inversion-recovery pulse sequence and T, was determined
with a CPMG pulse sequence. T, was calculated from the slope of a graph of In(M- -
M.) vs. t(the delay in the pulse sequence) and found to be 490 msec for the
asparagine NH proton. The T, value of this proton was of interest, since it showed a
small but detectable shift in the free and bound chemical shift, which has great
significance later. T, was determined in a similar manner and found to be 69 msec.
The free peptide had small negative NOEs, so the peptide was on the slow side of the
T, minimum under these conditions and T, is expected to be faster than T, . Slight

increases in sample temperature were able to zero the free peptide NOEs, also showing
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that the initial motional state was on the slow motion side of fhe NOESY null which
is also on the slow side of the T, minimum. Expeﬁmentally, measurement of T, is
-more difficult than T, due to greater sensitivity to mis-set pulses, and errors could have

occurred.

Ac-340-350(K341R) + "Dark” Membranes

Before beginning the discussion of the rhodopsin-bound peptide, one key point
should be introduced. The experiments in this project were designed to optimize the
conditions for the light-bound state, not for the dark-bound state. The dark-bound
experiments were carried out as controls for light - dark differences under the same
experimental conditions that were used for the light-bound state. Conditions optimized
for the best light-bound data gave 'poorly defined dark-bound structures, due to the
short NOESY experiments involved. Experiments carried out by others in the
laboratory provide much more detailed structural information on the dark-bound state

and the dark-bound structure is still undergoing refinement.

Sm. ctral Assignment
Initial investigation of the TOCSY spectrum of the peptide plus dark

membranes showed little change in the position of cross-peaks, and essentially no
changes in the relative positions of the cross-peaks. TOCSY data for the rhodopsin-
bound peptide will not be shown here as assignments were based on the table given

previously (Table 4).
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NOE Build-up Rates
NOE build up curves were generated for the peptide in the presence of the dark

adapted membranes using multiple NOESY experiments. The experiments were
carried out up to 200 msec mixing time. Longer mixing times were not deemed
necessary since, in the free peptide, NOE build-up had maximized or leveled off by
200 msec. The bound NOE should build-up much quicker (41, 42), therefore longer
mixing times were not used. A spectrum from fingerprint region of the 150 msec T,
NOESY experiment is shown in Figure 30, with the other portions of the spectrum
shown in the Appendix. This spectrum was acquired under the same conditions as the
portion of the free peptide shown in Figure 28. The NOESY spectrum of the peptide
plus dark membranes contains more cross-peaks than the free peptide (48 vs. 22). In
addition, several of the cross-peaks present in the free peptide are lost in the presence
of the dark membranes. The loss of NOESYs present in the free peptide upon binding
indicates definite conformational restriction upon binding to fhodopsin. Additionally,
more of the peaks in the presence of the dark membrgne represent longer range NOEs
and more NOEs within side-chains, indicating a more rigid structure. However, a
small number of these cross-peak assignments (e.g. Phe 11 H2,6:Cys 8 Ho shown in
Figure 30) have been called into question (Rizo and Gierasch, personal
communication). In the structure refinement programs used, this did not affect the

results, since these peaks were discarded as unable to fit with the rest of the data.
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Investigation continues in the Dratz laboratory to resolve the possible problem of these
assignments.

Figure 34 shows, for both the dark-bound and light-bound states, the number of
new NOESY cross-peaks seen per amino acid. This data indicates new cross-peaks in
both the N- and C-terminal ends of the peptide. In Figure 31, several series of NOE
build-up curves are shown, comparing the free ;;eptide and dark adapted merﬁbrane
bound states. In general, the curves show increased build-up rates, although s.ome
build-up rates do go down in the presence of dark and light membranes (data not
shown), indicating changing peptide conformation in the presence of the membrane

receptors.

Peptide - Protein Exchange Kinetics
The relaxation rates (T, and T,) of the peptide when bound to the “dark”

membranes were determined, as part of estimates of the rate of peptide-protein
exchange. T, and T, measurements were carried out in the presence of dark
membranes as described previously for the free peptide, and values of T, = 347 msec
and T, = 25 msec were obtained at a 15:1 peptide to protein ratio. These observed
values contain contributions from the free peptide and must be corrected to represent

the values for the bound peptide only. The relationship

1 ,_Pf+Pb

b Tf TP

can be used to calculate the true T, for the bound peptide (and the analogous equation
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used for calculating T,). The values for the mole fraction of free and bound peptide
(pr and p,) were estimated initially to be 0.933 and 0.067 respectively, based on the
15:1 peptide to protein ratio. This gave a value of 68 msec for T, and 2 msec for T,

Next, an experiment to measure T;, as a function of spin-lock péwer was
performed in order to arrive at a value for k., which is related to the peptide off-rate.
As discussed previously, R, =T 10> €an be related to the spin-lock power (wg ) by
the equation (45): _

R,,"(wx) = pleos'(Bo/T, + sin’(BT]
+ Pyleos™(By)/T," + sin®(B,)/T,"]
* pysin(B)A 0’ [ke/(k,” + 05.%)

Figure 32 shows a plot of the experimental Rlp. vs. spin-lock power data (data points
with error bars), and a computer fit of the above equation (solid line). The three
dashed lines represent the three terms shown in the above equation. In order to fit the
equation to the data, values of T,’, T,", Py, Py, k.., and A @ were all varied. The
validity of allowing T,’, T,’, p;, and p, to vary can perhaps be questioned, but since
the relaxation values were determined from assuming a certain percent of peptide
bound, it seems that flexibility must be allowed to account for uncertainties in these
variables until a better, indebendent way to measure the percent of bound peptide can
be established. The largest discrepancies were at higher spin-lock powers, where
sample heating could be a problem. Terms 1 and 2 tended to be too large to fit the
R,, at high wg , whereas the large inflection in the third term as a function of ® SLs

that was the only term that depended on kinetic exchange, fit reasonably well. The

smaller.the p, , the larger the T,* and the T,’, and the smaller the second term. The

































































































































































































