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A structural analysis of the surface areas of cyto-
chrome cg, responsible for the transient interaction with
photosystem I, was performed by NMR transverse relax-
ation-optimized spectroscopy. The hemeprotein was ti-
trated by adding increasing amounts of the chlorophyl-
lic photosystem, and the NMR spectra of the free and
bound protein were analyzed in a comparative way. The
NMR signals of cytochrome cg residues located at the
hydrophobic and electrostatic patches, which both sur-
round the heme cleft, were specifically modified by
binding. The backbones of internal residues close to the
hydrophobic patch of cytochrome cz were also affected,
a fact that is ascribed to the conformational changes
taking place inside the hemeprotein when interacting
with photosystem I. To the best of our knowledge, this is
the first structural analysis by NMR spectroscopy of a
transient complex between soluble and membrane
proteins.

NMR spectroscopy makes it possible to observe the signals of
particular atoms in the free and bound states of any molecule
(1) and has thus become an essential tool for the analysis of
protein-protein interactions (2). Depending on both the time
scale of the relaxation process and the exchange kinetics, the
NMR signals of the free protein can provide relevant informa-
tion on its bound state.

Conventional solution NMR spectroscopy is usually limited
to complexes with a molecular mass lower than 50 kDa because
oftheir quick tumbling, and it relies on the average of orientation-
dependent dipolar interactions and chemical shifts. Slow tum-
bling makes the structural analysis of membrane-attached pro-
teins difficult because of the large size of lipid bilayers. It is
possible to study the membrane complexes in uniaxially ori-
ented samples, although another alternative is to use solid
state NMR, in which transverse relaxation is minimized by
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eliminating its two components, the chemical shift anisotropy
and the dipolar coupling between paramagnetic nuclei (3).

Most of the current experimental data in the literature con-
cern the interaction between a small soluble molecule (e.g.
drug) and the extracellular domains of a membrane protein (4).
The structure of small signaling peptides when bound to their
specific membrane receptors has also been analyzed, and the
conformation of the receptor-bound form of a 27-residue pep-
tide has been determined by transferred nuclear Overhauser
effect upon digitonin solubilization of the membrane receptor
(5). These techniques, which have not been employed yet with
large protein complexes, are probably not useful for the study of
transient protein-protein interactions.

Transverse relaxation-optimized spectroscopy (TROSY),!
which is based on the mutual cancellation between chemical
shift anisotropy and dipolar coupling contributions at high
fields (6), has already been used to analyze slowly tumbling
molecules (7). It has also been used in the structural analysis of
protein-protein interactions within large systems, namely the
900-kDa GroEL-GroES complex (8) and the tumor suppressor
p53 upon binding to Hsp90 (9).

We have thus employed such detection techniques, along
with adequate isotopic labeling, to study the interaction areas
within the physiological transient complex formed by a large
membrane complex and a small soluble protein. In particular,
we look at the 1-MDa membrane-embedded photosystem I
(PSI) reaction center and its 10-kDa electron donor protein
cytochrome cg. This is an excellent model system to validate our
novel experimental approach, as there is a large amount of
structural and functional data in the literature for both the
chlorophyllic complex and the metalloprotein from a wide va-
riety of organisms (10, 11). In cyanobacteria, the functional
interaction between PSI and cytochrome c4 has been investi-
gated extensively by using time-resolved optical spectroscopy
and site-directed mutagenesis (see Ref. 12 for a review). In
cytochrome cg, two functional areas have been identified: a
hydrophobic patch for electron transfer (site 1) and an electri-
cally charged area for complex formation (site 2). In PSI, the H
loop of its PsaB subunit seems to be involved in electrostatic
interactions with the electron donor (13, 14), whereas a tryp-
tophan dimer at the i/j loops of PsaA/B could be responsible for
the hydrophobic interactions at the recognition site.

In this work, we investigated the residues of cytochrome cq
involved in the interaction with PSI by using TROSY NMR
spectroscopy. To our knowledge, this is the first NMR analysis

! The abbreviations used are: TROSY, transverse relaxation-opti-
mized spectroscopy; PSI, photosystem I.
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of the residues of a soluble protein involved in the interaction
with a large membrane complex.

EXPERIMENTAL PROCEDURES

Protein Preparation—Uniformly **N-labeled cytochrome cg from the
cyanobacterium Nostoc sp. PCC 7119 was produced in Escherichia coli
JM109 cells transformed with the pEAC-WT (15) and pEC86 (16) plas-
mids. Culture conditions and protein purification methods were as
described previously (17).

Trimeric PSI particles were obtained as described by Hervés et al.
(18), and PSI monomers were purified by following the same method
but replacing calcium salt with 200 mm MgCl, (19). The thylakoidal
membranes were treated with 0.2% (w/v) B-dodecylmaltoside for 10 min
in the dark. A sucrose gradient ranging from 16 to 22% (w/v) was used
to separate PSI from PSII and phycobiliproteins. The P700 content of
PSI samples was calculated by following the photoinduced absorbance
change at 820 nm and using an absorption coefficient of 6.5 mM~* cm ™!
(20). Chlorophyll concentration was determined according to Arnon
(21).

The PSI preparations were tested by time-resolved optical spectros-
copy as described previously (18, 22). The kinetics of P700" reduction by
either plastocyanin or cytochrome c4 were similar with both PSI trimers
and monomers. The data from SDS-PAGE indicated that no PSI sub-
units were lost during the treatment to get the photosynthetic mono-
mers. An electrophoretic analysis of PSI samples under semi-denatured
conditions was routinely performed to check their trimeric or mono-
meric nature and homogeneity.

NMR Samples—Samples containing either 1.6 mm °N-labeled cyto-
chrome cq or 1.3 mM unlabeled cytochrome ¢ were prepared in 0.3 ml of
95:5 (v/v) H,0O/D,O solutions containing 10 mM sodium phosphate
buffer, pH 6, and 2 mM sodium ascorbate. The cytochrome ¢4 samples
were concentrated by ultrafiltration (Amicon, YM3 membrane), and
their protein concentration was determined spectrophotometrically us-
ing an absorption coefficient of 26.2 mM~! ecm™! at 553 nm for the
ferrous form of cytochrome cq (23).

PSI monomers were concentrated using a Vivaspin 2 ml concentrator
with a 100-kDa molecular mass cutoff. The buffer used was 10 mm
sodium phosphate, pH 6, in 95:5 (v/v) H,0/D,0 supplemented with
0.025% (w/v) B-dodecylmaltoside. Two different samples were prepared;
one had a PSI concentration of 1.80 mm and a chlorophyll/P700 ratio of
~80, and the other had a PSI concentration of 1.08 mm and a chloro-
phyll/P700 ratio of ~110.

To investigate complex formations between cytochrome ¢4 and PSI
monomers by NMR, a 0.23-mM '°N-labeled cytochrome c4 sample was
titrated by adding microliter aliquots of a 1.80 or 1.08 mwm PSI stock
solution. The pH value was adjusted before and after each addition. A
sample of free cytochrome cg4 in the same buffer (10 mm sodium phos-
phate, pH 6, in 5% (v/v) D,0 solution supplemented with 2 mM sodium
ascorbate and 0.025% pB-dodecylmaltoside) was used as a reference.
Titrations with PSI trimers were performed in a similar way but using
a stock solution of 0.2 mM trimeric PSI.

The effect of ionic strength was investigated at pH 6 upon the
addition of sodium chloride at varying concentrations. The two-dimen-
sional *H-'*N TROSY spectra (see below) for cytochrome c4-PSI samples
were recorded at 0, 2.5, 5, 10, 20, 40, and 80 mM salt concentration. In
all experiments, control measurements were recorded for free cyto-
chrome ¢4 under the same conditions.

NMR Spectroscopy—The spectral analysis of the cytochrome c¢4-PSI
complex was performed on a Varian INOVA 800 NMR spectrometer at
298 K. The two-dimensional 'H-'>N TROSY spectra were recorded
using spectral widths of 12 ppm (*H) and 30 ppm (*°N) as a matrix of
2048 X 512 complex points. Varian software (VNMR) was employed for
spectral processing using zero filling with np(*H) = 4096, ni1(**N) =
1024, and a sine-square window function. A polynomial base-line cor-
rection was made automatically.

The analysis of line-broadening perturbations of the PSI-bound
hemeprotein with respect to free cytochrome cs; was performed in
SPARKY 3.2 The sequential assignment of cytochrome c, has been
reported previously (17). To estimate line widths, the peaks were fitted
to a Lorentzian function for the ?N and 'H dimensions. Base-line
correction was not performed, and data above the lowest contour level
were used to obtain the line widths. Close peaks (less than 100 Hz in
15N and 10 Hz in 'H) were grouped together. A minimization with

2T. D. Goddard and D. G. Kneller, SPARKY 3, University of Califor-
nia, San Francisco.
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10,000 steps and a tolerance of 0.01% was done to fit every signal of the
protein backbone.

Four different threshold levels were used for each spectrum to min-
imize the possible error in line width calculations. Each value was
compared with the data inferred from the other three contour levels,
and it was rejected when the difference was higher than 4-fold the
standard deviation. When the three values were identical and, conse-
quently, the standard deviation was zero, the line width of the analyzed
peak was only rejected when the difference with respect to the other
three measurements was larger than 5 Hz. Thus, the line width of a
signal corresponds to the arithmetic mean of the reliable data according
to such criteria.

NMR Line Width Analysis—In the analysis of the line width data
(Avy5), the overall broadening (AAv,,) obtained from signals displaying
only minor line broadening was first subtracted from the line width of
the corresponding signal. Then, for each residue, the differences of line
widths between free and interacting cytochrome ¢4 were calculated for
each point of the titration series (AAv;); pinaing)- The threshold value,
used to identify a specifically broadened residue when data from the
titration series were analyzed together, was defined as the average
normalized AAvVy; pinging for the system plus 2 standard deviations
(2S,_,). The average AAvs pingine and the standard deviation were
calculated for all amides with normalized values =20 Hz on the basis
that normalized data >20 Hz clearly indicate a specifically broadened
residue and that their inclusion would bias the average to a higher
value.

Nostoc Cytochrome cg Homology Model—A homology structural
model for cytochrome cg was built using the COMPOSER module of
SYBYL 6.5 (Tripos Inc.) along with the crystal structures for the
hemeprotein from Monoraphidium (PDB code 1CTJ) (24) and Chlamy-
domonas (PDB code 1CYJ) (25) as templates (26).

RESULTS

Titration of '’N-Labeled Cytochrome cgz with PSI Mono-
mers—The interaction between cytochrome cg and PSI was
inferred from the NMR spectra of a ?N-labeled cytochrome cg
sample recorded upon the addition of increasing amounts of
PSI. Only very small chemical shift changes were observed for
the cytochrome c4 signals upon titration. Therefore, the peak
assignment in the presence of PSI was obtained by a compar-
ison with the spectrum of free cytochrome cq. However, the
two-dimensional 'H-'*N TROSY spectra of cytochrome cg be-
fore and after the addition of PSI revealed distinct changes in
the line width of the signals that can be ascribed to its inter-
action with PSI. Several signals experienced a broadening sig-
nificantly larger than the average (Fig. 1A), others showed a
broadening below the threshold (Fig. 1B), and a few signals
were in coalescence (Fig. 1C). In addition, a set of minor signals
appeared immediately adjacent to the existing peaks (Fig. 1D).

The histograms in Fig. 2 show the statistical distribution of
absolute line width changes (Av;,) upon increasing the [PSI]/
[cytochrome c¢g] ratio. The general line broadening of cyto-
chrome cg4 signals in the *N and 'H dimensions can be ascribed
to the increase in effective molecular mass and concomitant
increase in the rotational correlation time of cytochrome cg4
when interacting with PSI. In fact, the effective molecular
mass of the complex between cytochrome ¢ and monomeric PSI
is ~350 kDa, as compared with the 10-kDa mass of free cyto-
chrome cg. Such a signal broadening becomes significant at a
[PST](um)/[cytochrome cgl(um) ratio of 38/208. It is noteworthy
that the indirect (*°N) dimension seems to be more sensitive to
changes in line widths than the direct (*H) dimension; for the
second point of the titration (Fig. 2C), the line width distribu-
tion is wider, and its maximum shifts to higher values.

In addition to the general line broadening, several amino
acidic residues undergo additional changes in °N and 'H line
widths. After normalizing the data (see "Experimental Proce-
dures“) and calculating the differences in signal line widths
(AAvy/5 Binging) for each titration point (bound cytochrome cq)
and reference (free cytochrome cg), the backbone amide NMR
signals of 26 amino acids of cytochrome cg show significant
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Fic. 1. Regions from overlaid 'H->N TROSY spectra of free and PSI-bound Nostoc cytochrome cq. The [PSI](um)/[cytochrome cgl(um)
ratios were 0 (blue), 38/208 (black), and 98/196 (red). A and B, line broadening peaks over and below the threshold value, respectively. C, peak in

coalescence. D, appearance of a minor signal.

changes (AAvy 5 Binding = (AAV1/2 Binding) T 25,,-1) in 15N and/or
H line widths. As shown in Fig. 3, these residues are found in
four stretches in the amino acid sequence of cytochrome cg. The
first stretch comprises the residues between positions 9 and 19
(except His-18), and the second stretch comprises the residues
between positions 23 and 29. These residues, which belong to
site 1 of cytochrome cg (12, 26, 27), undergo a specific line width
perturbation, with AAvy /s piyaing = 20 Hz (*°N) and/or = 24 Hz
(*H). Some of the signals (e.g. Ser-16, Gly-20, and Thr-30)
become broadened beyond detection limit throughout the titra-
tion process. The third stretch comprises the residues between
positions 57 and 66, and the fourth stretch comprises the res-
idues between positions 72 and 79. Proline residues are at
positions 59 and 67. Affected residues in these stretches un-
dergo specific AAvy; pinaing changes, and some of them (e.g.
Gly-63) are broadened beyond detection, as are those in the
first two stretches.

The residues Lys-62, Arg-64, and Lys-66 are at the electro-
static patch (site 2) of cytochrome cg (12, 26, 27). A minor signal
appears immediately adjacent to the signals of residues in the
third and fourth stretches (e.g. residues Ala-57, Met-58, Ala-60,
Phe-61, Lys-62, Leu-65, Lys-66, Val-73, Ala-74, and Val-77).
The peak displacement of the major signals varies between 0
and 0.08 ppm in the *H dimension and between 0 and 0.8 ppm
in the N dimension (Table IS in the supplemental materials).
We can exclude the possibility that the new peaks that appear
upon PSI addition originate from a bad cancellation of multiple
components because the differences in frequencies for most of
them do not fall within the range of 85-100 Hz, as would be
expected. The new peaks could arise from protein denatur-
ation, but this possibility can also be excluded because a control
spectrum with a fresh sample at the maximum PSI concentra-
tion displayed similar side peaks. A plausible explanation is

that the peaks are because of the bound form of cytochrome cg4
in slow exchange with the free form. From the observed chem-
ical shift changes, one can then estimate that the rate constant
for complex dissociation (k) is between 1 and 10 s~ 1. In fact,
a kg value of 1.5 s™* and a dissociation constant (Kp) of 9 um
(23) allow an acceptable fit between simulated and experimen-
tal line shapes (Fig. 1S in the supplemental materials).

Map of Cytochrome cg4 Residues at the Interface with PSI—
The mapping in Fig. 4 shows the residues at the cytochrome cg4
surface (modeled as described under "Experimental Proce-
dures“) that are affected by PSI addition, with each residue
being colored according to its line broadening in the °N dimen-
sion. Three of the four sequential stretches of residues (Fig. 3)
form two main clusters surrounding the heme cleft at the
protein surface, and the fourth stretch is located near the first
stretch inside the protein. Thus the structural clustering of
stretches with broadened residues in cytochrome c4 suggests
that such residues are forming part of two surface areas for
interaction with PSI.

Apart from the two patches that define the complex inter-
face, the residues Asp-72, Ala-74, Tyr-76, Leu-78, and Gly-79
on the rear of the protein are also affected (Fig. 4). They belong
to the fourth stretch, which is formed by backbone amides
(Asp-72, Val-73, Ala-74, Tyr-76, Ala-77, Leu-78, and Gly-79)
from helix IV (Fig. 5). These residues, except Asp-72, undergo
line width perturbations larger than 4 Hz over the threshold in
one or two dimensions. As helix IV is adjacent to some residues
of helix I (Ile-9, Phe-10, and Ser-11), the observed changes are
probably a secondary effect caused by helix I perturbation.

Electrostatic Effects—The complex between cytochrome cg4
and PSI at a [PSI](um)/[cytochrome cg](um) ratio of 38/208 was
investigated in solutions containing 0, 2.5, 5, 10, 20, 40, and 80
mum NaCl (data not shown). The AAvy/g gipging Values for most
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Fic. 2. Frequency distribution of '°N (black) and 'H (gray) line
widths (Av,,,) of free and PSI-bound Nostoc cytochrome cg.

Histograms are shown for the following [PSI](uM)/[cytochrome c4](uM)
ratios: 0 (A), 18/219 (B), 38/208 (C), and 98/196 (D).
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residues decreased with increasing salt concentration, a find-
ing that agrees with the kinetic data reported in the literature
(12, 22, 23, 26). Such a decrease in binding affinity reflects the
electrostatic nature of the cytochrome c4-PSI complex. The
most strongly affected residues (e.g. Glu-37, Lys-62, Lys-66,
and Glu-68) undergo a significant signal shift at 40 and 80 mm
NaCl. This result is indicative of a strong electrostatic interac-
tion between such charged residues and salt ions. At the high-
est salt concentration (80 mm), there still remains an ~5-Hz
broadening that can be ascribed to the salt effects on the
magnetic field homogeneity.

Titration of > N-Labeled Cytochrome cgz with PSI Trimers—
The molecular mass of the in vivo complex between trimeric
PSI, which is the physiological form (19), and cytochrome cg is
>1 MDa. The NMR spectrum of cytochrome cq after the addi-
tion of PSI trimers is thus weaker than that of the free mole-
cule, although most of the signals can still be observed. A
number of spectral signals as high as 29 completely disappear
upon binding to PSI (Fig. 6), with a set (Phe-10, Ser-11, Ala-12,
Ala-15, Ser-16, Cys-17, His-18, Gly-21, Asn-23, Val-25, GIn-26,
Ala-27, Lys-29, and Thr-30) mapping at site 1 of cytochrome cg.
Many of these residues also show a significant broadening upon
binding to monomeric PSI.

Photosystem I-Cytochrome cgz Transient Complex

Other fading peaks correspond to Lys-33, Leu-36, and Met-
41, as well as to residues at site 2 (Ala-57, Phe-61, and Lys-62)
and helix IV (Leu-78 and Gly-79). The residues Met-58, Lys-66,
and Val-73 exhibit a small chemical shift perturbation. PSI
trimers and monomers thus induce similar changes on the
NMR signals of cytochrome ¢4 residues. Such a finding indi-
cates that the same regions of cytochrome cg are involved in the
interaction with both trimeric and monomeric PSI.

DISCUSSION

The Cytochrome cgPSI Interaction—The interaction be-
tween cytochrome cg and PSI is studied herein by using both
the monomeric (Fig. 1) and trimeric (Fig. 6) forms of PSI. Upon
titration of cytochrome cg with increasing amounts of PSI, no
fast chemical exchange is observed within the spectral time
scale, but the corresponding global and specific line broaden-
ings are indicative of changes in the apparent transversal
relaxation time. This finding, along with the appearance of
distinct side peaks, suggests the occurrence of a slow chemical
exchange. In such an exchange regime, the broadening of free
cytochrome ¢4 signals would be because of the contribution of
the complex to the transverse relaxation rate, yielding infor-
mation on the dynamics of cytochrome c4z within the transient
complex with PSI. A general line broadening, because of the
increase of the global correlation time of the aggregate, is
observed for all the signals. Simultaneously, we can detect
specific changes that can be ascribed to differences in local
internal motions upon interaction with PSI. Some other phe-
nomena could contribute to the line broadening of signals (e.g.
Ser-16, Gly-20, Thr-30, and Gly-63) beyond detection limits.
Recently, several studies (28, 29) show that the interaction
sites often suffer a decrease in flexibility because of binding,
although the line width could also be influenced by side chain
dynamics (30). It is noteworthy that all the fading signals
correspond to amino acids with short side chains.

Previous site-directed mutagenesis and kinetic studies had
shown that Nostoc cytochrome cg possesses two functional sites
(one hydrophobic (site 1), the other positively charged (site 2),
both flanking the heme cleft) for the redox interaction with PSI
(12, 26, 27). Such sites perfectly match the two interaction
areas herein identified by NMR (Fig. 4).

Binding of cytochrome c4 to PSI induces changes not only in
surface residues but also in some internal residues, namely
those at the crossing region between helices I and IV (Fig. 5).
As a-helices behave as rigid bodies because of their stabilizing
HN, O, H-bonds, we can assume that the structural
changes in helix I upon binding to PSI could transmit the
conformational perturbation to neighbor residues in helix IV.

The Binding Model—As the line broadening of residues at
site 2 of cytochrome cg is smaller than that of amino acids at
site 1, we could assume that site 1 is just at the center of the
interface area within the transient complex, whereas site 2 is
at the interface edge. This would be in agreement with a
binding model where the encounter complex is first driven by
electrostatic attractions and further stabilized by hydrophobic
interactions, as suggested for other electron-transfer complexes
(31). In the particular case of Nostoc, it is still under debate
whether the cytochrome c4-PSI complex undergoes a “rear-
rangement step® prior to electron transfer (12, 22, 26, 32). Here
we observed that all NMR signals were under slow exchange,
and so a kinetically stable intermediate complex could be pro-
posed. Such a long living complex could explain the biphasic
kinetics reported for PSI reduction by cytochrome cg in flash
experiments, thereby making a specific rearrangement step
unnecessary (22).

Recent vy-ray-perturbed angular correlation studies have
shown a low correlation time (7,, ~130 ns) for plastocyanin
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bound to plant PSI (33) compared with that expected (440 ns)
from the molecular weight of the complex. If this would be
extrapolated as such to the cytochrome c4-PSI complex, the
amides at the interface edge of the bound hemeprotein would
not be totally frozen, and their NMR signals could still remain
detectable in the complex (a non-symmetrical two-site ex-
change simulation is available as supplemental data).

We have recently analyzed the interaction of Nostoc cyto-
chrome cg with soluble cytochrome f from Phormidium lamino-
sum (17). The calculated K, value for this complex (~100 um)
is higher than that reported for the interaction of Nostoc cyto-
chrome cg with PSI (~9 um) (23). Such a difference of 1 order of
magnitude in their respective K, values could be indicative of
two different types of exchanges for cytochrome cs (one fast

NZLCOLOZ>ALIAXOW>S0

Residue Number

with cytochrome f, the other slow with PSI), although it ex-
ploits the same surface areas for the interactions with its two
membrane partners. Formation of the cytochrome c4-PSI com-
plex strongly depends on ionic strength, but such an ionic
dependence is probably not the only factor explaining the large
differences in exchange regime and lifetime between the two
transient complexes. Also, the question still remains of how the
redox state of cytochrome cg can affect the stability of the
transient complexes with its two partners so as to facilitate
complex dissociation and turnover (34).

The Interaction of Cytochrome cgz with PSI Trimers—The in
vivo species of PSI embedded into the thylakoidal membrane is
trimeric (19, 35). When cytochrome cg is not titrated with PSI
monomers but with the physiological PSI trimers, most of the
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Fic. 4. Map of Nostoc cytochrome ¢, interface upon binding to PSI. Residues are colored according to their AAv, ), ;,qing and line width
data for *°N. The resonances that undergo the largest broadening (=12 Hz) are red, and the signals with a significant line width over the detection
limit but <12 Hz are orange. The limit of 12 Hz corresponds to a threshold value relative to the average plus 4-fold the standard deviation (AAv,,,
Binding = (AA V5 Binging’ T 45,_1). The residues broadened beyond the detection limit are light yellow, those with no line width perturbation are blue,

prolines are gray, and the heme group is green.

Fic. 5. Line width changes (AAv,;, ginaing) displayed on the
secondary structure of Nostoc cytochrome c4 Red indicates the
residues of helix I with a line width perturbation =8 in 'H and/or *N
and direct interaction with PSI. The residues of helix IV with broaden-
ing =4 Hz and no direct interaction with PSI are in green. See “Results”
for further details.
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Fic. 6. "H-**N TROSY spectra of Nostoc cytochrome c; before
(blue) and after (red) the addition of PSI trimers. The [PSI](um)/
[cytochrome c¢gl(uM) ratio was 38/208. The marked residues are those in
which NMR signals undergo any perturbation upon binding to PSI.

cytochrome ¢4 signals remain in the correlation spectrum (Fig.
6), with the exception of those being perturbed upon addition of
PSI monomers. This finding could be due to the loss of sensi-

tivity inherent to high molecular weight systems because re-
laxation is not eliminated during the insensitive nuclei en-
hanced by polarization transfer steps in TROSY experiments
(6). Thus, the signals that are specifically broadened in the
presence of PSI monomers do not appear with PSI trimers.
Most of the signals with PSI monomers are still visible with
PSI trimers. This is so because we are observing the binding
effects on the signals of free cytochrome cg rather than on the
signals of the bound form, as is the case in the long-living
complexes GroEL-GroES (8) and Hsp90-p53 (9).
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