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ABSTRACT. The nature of the pB intermediate of photoactive yellow protein (PYP) Eotathiorhodospira
halophila has been probed by NMR. pH-dependent changes in the NMR spectrum of the dark state of
PYP are shown to closely mimic exchange broadening effects observed previously in the NMR spectrum
of the pB intermediate in solution. Amide+D exchange data show that while pB retains a solid protected
core, two regions become significantly less protected than the dark state. The amide exchange data help
to rationalize why the conformational exchange process affects the N-terminal 28-residue segment of the
protein, which is not close to the site of chromophore rearrangement. At very low pH (pH 1.7), the dark
state NMR spectrum displays approximately 30 very sharp signals, which are characteristic of a portion
of the molecule becoming unfolded. Similarities between the dark state spectra-&.pldnd the spectra

of pB suggest a model for pB in solution where the protein exists in an equilibrium between a well-
ordered state and a state in which a region is unfolded. Such a two-state model accounts for the exchange
phenomena observed in the NMR spectra of pB, and the hydrophobic exposure and lability inferred from
thermodynamic data. It is likely that in the crystalline environment the ordered form of pB is strongly
favored.

The nature of the various states that the photoactive yellow the chromophore region after light absorption, after which a
protein (PYP) from Ectothiorhodospira halophilpopulates more marked rearrangement occurs to produce the so-called
during its photocycle has attracted much study-18). pB intermediate, which is characterized spectroscopically by
Although definite genetic proof is still lacking, the available a blue-shifted absorption maximum. The pB state, which is
evidence indicates that the photoactive behavior of the proteinreached in less than a millisecond after light absorption,
is involved in the control of the negative phototactic response remains stable on the subsecond time scale, returning to the
of E. halophilato blue light. More generally, PYP, whichis  ground state pG at a rate that is very pH sensitive. X-ray
highly water soluble and crystallizable, provides a very useful crystallography 2) indicates that the key change which
experimental model for understanding the photocycle of other occurs in the structure upon the formation of pB is the
photoactive proteins, many of which are membrane-bound. conversion of the vinyl bond of the-coumaric acid

During the photocycle of PYP, the molecule passes chromophore from a trans to a cis conformation. This rotates
through several distinct states, some of which are populatedthe phenolic moiety out of the pocket into which it is bound
very rapidly after light absorption, and only very transiently. in pG, exposing the phenolic oxygen to the solvent. In pG,
These states are accessible to study by time-resolved X-raythe phenolic group is deprotonated and stabilized by a
crystallography 7, 17), and such studies have shown that network of hydrogen bonds to the protein, whereas in pB, it
they involve small changes which occur very locally within s solvent-exposed and thus protonated. This change in
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By X-ray crystallography, the pB state appears to be well- MATERIALS AND METHODS
described by a single structur® (In this structure, the only ] N
major change compared to pG is in the conformation of the ~ Uniformly **N-labeled PYP was expressed and purified
chromophore as described above, along with some minor@S described previously2@). Samples contained 50 mM
rearrangements of the protein packing around the chro-deuterated acetate buffer, and_a protease inhibitor cocktail
mophore. In solution, however, a quite different picture is (1 MM pefablock, M leupepsin, and 1 mM EDTA). Al
revealed by NMR 4). In particular, the spectra of pB are spectra were acquired at 311 K on a Varian UnityPlus 500

not consistent with a single well-ordered state, since many spectrometer, with modifications for laser illumination as
of the expected cross-peaks in tH&l HSQC spectra are described previouslyl@). 1N HSQC spectra were acquired

not present, indicating that there is significant conformational with .gr§d|ent coherence selection, water flip-back, and
exchange occurring on the millisecond time scale. The sensitivity enhancemene{). Spectra were processed with

broadening of the spectra of pB due to this exchange processelther NMRPipe 22) or Felix (Molecular Simulations Inc.).

has thus far precluded more detailed structural c:onclusions.fa‘II specira were analyzed in Felix, irom which cross-peak

As we highlight in this paper, one particularly intriguing intensity dat‘.i (me.asured- as peak height) were exported for
feature is that although some parts of the protein that aref_urth_er mampulaﬂon using |n-hc.>use. software. The pH
involved in the conformational exchange process are neartltr.atmn'serles was followed in Felix using a suite of macros
. ; .~ written in-house.
the chromophore, the N-terminal 28 residues of PYP, which i )
are quite distant from the chromophore, also appear to be N the amide H-D exchange experiments, a sample of
involved. Thus, it appears that to conclude from the X-ray Uniformly *N-labeled PYP was divided into two equal
structure that the only significant change is around the site Volumes and lyophilized. Immediately prior to NMR data
of the chromophore itself is not an adequate description of coII_ect|on fo_r each experiment, one of the samples was
the changes that occur upon formation of pB in solution. €dissolved in BO to a concentration of 750M, the pH
Further complexity in PYP arises from analysis of the measured (pH 6.1 _for bOth samples),_ and _the Sample
dependence of the pB- pG recovery process on temperature fransferred to a Shigemi NMR .tub.e with a light g.u.u.je
and denaturant concentratioh, @, 18), which shows that attached 1o er_laple Iase_r |IIum|.nat|on: Data acquisition
the formation of pB involves the exposure of a large area of commenced within 20 min of dissolution. For the laser

) illumination experiments, the sequence of data acquisition
hydropho.blc Sufface- It has thus been suggesipthét the and illumination was as follows: (i) HSQC acquisition, (ii)
pB state is partially unfolded.

HSQC acquisition, (iii) laser illumination over a total time
The rate of the pB~ pG recovery process is strongly pH-  of 4.3 min, (iv) HSQC acquisition, (v) HSQC acquisition,
dependent, becoming much slower as the pH is lowedkd ( (vi) laser illumination over a total time of 18 min, (vii) HSQC
This is consistent with the key role of deprotonation of the acquisition, (viii) HSQC acquisition, (ix) laser illumination
phenolic group, which must occur at some stage during the over a total time of 82 min, (x) HSQC acquisition, and (xi)
return to pG. In the dark, between pH 4 and 1.5 a transition HSQC acquisition. For the dark series of experiments, HSQC
occurs to a state that has properties very similar (but not spectra were acquired 0, 10, 20, 46, 88, and 150 min after
identical) to those of pB even in the absence of illumination, the commencement of acquisition of the first spectrum, and

and has been termed pi& (9). then at times up to 55 h to allow determination of the decay
To elucidate further the nature of pB, we present here the rate of slowly exchanging residues. All HSQC spectra were
results of an amide HD exchange experiment and of%l acquired with acquisition times of 73H) and 35 ms{N),

HSQC-monitored pH titration of pG. The+D exchange with four transients collected, resulting in a total measuring
experiment allows us to probe the changes in stability of Ime of 10 min per spectrum. The laser illumination consisted
individual hydrogen bonds within the structure upon forma- Of @ series of 0.5 s bursts, repeated every 8 . This is a level
tion of pB. Since the HD exchange was monitored BSN of illumination similar to that used in earlier experiments,
HSQC spectra of the pG state, this experiment is not for which it was determined that the temperature change

compromised by the conformational exchange broadening"duced in the sample was less than 1 K. This repetition
observed in the spectra of pB. rate corresponds to total light exposure times during the three

o ) ] illumination periods of 16, 68, and 308 s. As the conversion
The pH titration of pG allows us to investigate further_the to and recovery of pB is rapid at this pH, the period spent in
nature of the exchange broadening process observed in pBihe B state was taken to be equal to the illumination period
since we show that a similar effect is observed as the pH isithout further correction. The data were analyzed by first
lowered. The amide HD exchange data show that on fitting an exponential decay to the dark series data, using
formation of pB a local loss of stability occurs in the region jn-house software employing the Marquadt nonlinear least-
of the protein to which the Chromophore is hydrogen bonded squares ﬁtting a|g0rithm2(3)_ H-D exchange rates were
in pG. This provides an explanation of why the con- converted to protection factors using data from Bai et al.
formational exchange process propagates through such g24), with due compensation for the glass electrode effect
large region of the protein, including the N-terminal 28- in D,O. Curves were then generated which corresponded to
residue segment. The pH data suggest a model for pB inthe curves that would be obtained in the light experiment if
solution as a two-state equilibrium between a well-folded the H-D exchange rate in pB were accelerated over that in
form and a form in which a portion of the molecule is pG by factors of 16-10% the calculation taking due account
unfolded and highly mobile. Such a model is able to unify of the time that the molecules are in the pB or pG state.
the results of NMR, X-ray diffraction, and thermodynamic These were compared with the actual experimental data to
studies of pB. estimate the changes in protection that occur in the pB state.
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In cases where the light and the dark state data were (@
indistinguishable within error, this allowed an upper estimate 108 w
to be placed on the change in protection in pB. oo "
For the pH titration series, the concentration of the protein %0

dissolved in a 90% kD/10% DO mixture was 1 mM, and 0.0 a®
the initial sample volume was 5QQ.. The pH was adjusted )
by addition of microliter quantities of HCl or NaOH. The 10 %o
sample length was used to monitor sample losses, and the - . .
cross-peak heights were corrected for dilution effets. _
HSQC spectra were acquired with acquisition times of 73 g 00 o® o o°
(*H) and 108 ms N), with a total measuring time of = ©
approximately 1 h. os
RESULTS 8

Y% o o

Amide H-D Exchange Experiment§he protection against 0.0 ot o

amide H-D exchange in the pB state was probed by first @
performing a conventional amide-HD exchange experiment 10 *at080. o o
on the pG state, monitored by a seried®f HSQC spectra. “ 1807 "o "o
A second H-D exchange experiment was then performed
with a duplicate sample, in which the HSQC spectra were 0.0
interspersed with periods of laser illumination. In this 0.0 1.0 2.0 3.0
experiment, the decay of cross-peak intensity was a combi- Total elapsed time/hours

nation of H-D exchange during the time the protein was in Ficure 1: Representative amide-HD exchange for four residues.
the pB state and of HD exchange during the time the Data are shown for the dark experimell) @nd the light experiment

; ; 1 (O). From top to bottom, the data are for (a) G29 and (b) T70,
protein was in the pG state. The HSQC spectra were still where the H-D exchange is markedly different in the pB state,

acquire(_j in the pG state so that high spectral resolution could 44 for (c) F75 and (d) V105, where it is indistinguishable from
be obtained. We refer to these two sets of HSQC spectra aghat of pG.

“dark” and “light” experiments, respectively. The details of
these experiments are given in Materials and Methods.  this region. At pH<4.2, in contrast, these three signals are
In such a pair of experiments, a difference in the protection markedly broadened, whereas the movement of V83 H
of a residue against amide-HD exchange in the pB state appeared to saturate at pB.6. In the'>N HSQC spectra,
relative to the pG state will be manifested by a change in many of the cross-peaks that were still detectable at3:6
the decay rate of the cross-peaks in the two experiments agsee below) showed a distinct change in the direction of
a function of the total elapsed time after addition oiCD movement at this point. For instance, the effect was
Example comparisons of data from the two experiments are particularly clear for the side chain amine group of W119
shown in Figure 1. Data are shown for two contrasting types (Figure 3b).
of behavior. For residues G29 and T70, a distinct increase The intensity of backbone amidéN HSQC cross-peaks
in the rate of H-D exchange is observed in the light (Figure 4) showed the most intriguing effects, especially in
experiment. In contrast, for residues F75 and V105, no suchthe lower of these two pH ranges. In the pH range of-5.7
increase can be detected. By comparison of such plots with4.2, the most significant change in intensity occurred for the
plots calculated for varying changes in protection in pB cross-peak of residue E12 which became undetectably weak
relative to pG, distinct decreases in the level of protection at pH 5.1, with an apparently related drop in intensity of the
were guantifiable for 14 residues (Figure 2, partly black bars). cross-peak of 111 around the same pH. If its is assumed that
For the remaining 37 residues for which decay was suf- this behavior relates to the ionization of the side chain of
ficiently slow in the dark experiment to allow analysis, no E12, these data suggest a rather elevaketbp E12, which
detectable difference in decay rate was apparent. For thesenost likely reflects the acidic nature of the sequence E9-
residues, it was possible to estimate the maximum changeD10-111-E12. These changes in intensity occurred in relative
in the H-D exchange rate between pB and pG, consistent isolation, with only small changes in intensity for other cross-
with the data, so that it was possible to make the statementpeaks in the spectrum.
that the change in the level of protection could be no greater At pH <4.2, intensity changes occurred in the spectrum
than a certain amount (Figure 2, partly hatched bars). for many more residues of the protein. The intensity of many
pH Titration. A series of one-dimensiondH spectra and  cross-peaks started to decrease, indicating the onset of a
two-dimensional®N HSQC spectra of PYP were acquired second transition. By pH 3.2, the HSQC cross-peaks corre-
over the pH range of 5:72.1. Chemical shift changes and sponding to approximately half of the residues in the protein
broadening effects indicate that the pH dependence in thishad diminished in peak height to an undetectably low level.
range could be divided into two distinct events. The changesFewer than 10 new cross-peaks could be detected; thus, for
in the upfield region of the one-dimensiond#i NMR the majority of the affected resonances, the cross-peak must
spectrum of PYP are shown in Figure 3. The peak from V83 have become severely exchange broadened. In contrast, and
H»? was the mostly strongly affected in the pH range of5.7  as discussed further below, cross-peaks for residues compris-
4.2, whereas the other three signals (V572,H/105 H?, ing a significant portion of the molecule retained substantial
and A67 H) exhibited small shift or intensity changes in intensity. This differential effect eliminates the possibility
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Ficure 2: Protection factors for backbone amide NH groups in pG and pB. The full height of each bar represents the value for pG. Where
the upper part of the bar is shaded black, a distinct difference in the elxchange rate could be detected between pG and pB. The black

part of the bar represents the change in the protection factor between pG and pB, and thus, the white part of the bar represents the value
for pB. Where the upper part of the bar is hatched, no change in tHe ekchange rate could be detected and the upper part of the bar
represents the maximum change consistent with the data so that the white part of the bar is the minimum level of protection in pB consistent
with the data. The secondary structure of PYP in solution, as definedxreDal. 0), is shown above the figure.
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Ficure 3: Behavior when the pH is lowered can be divided into
two distinct events. (a) The upper part of the figure shows the 40 A 80 120
upfield methyl region of the one-dimensional spectrum of pG with es'd“e
decreasing pH. The lower trace shows the equivalent portion of FIGURE 4: Comparison of exchange broadening when the pH is
the spectrum of pB. At pH 5.7, the signals are assigned (from left lowered in the dark and when pB is formed. (a) Variation of peak
to right) as V57 Hi2, V105 H2, V83 H2, and A67 H. (b) A section height of backbone amid®N HSQC cross-peaks of PYP in the
of the N HSQC spectrum of pG during the pH titration. The cross- dark with decreasing pH, normalized to the intensity at pH 5.7. (b)
peak shown is from the side chain amine of W119. Intensities of backbone amidéN HSQC cross-peaks in the pB
state, relative to the intensity in pG. The horizontal bars denote
that the broadening was simply due to an increased correla-stretches mentioned in the text. In both parts of the figure, a small
tion time due to aggregation. negative bar denotes that the peak becomes too weak to detect. A

Between pH 3.0 and 2.4, a rapid drop in intensity of all Missing bar indicates that the peak cannot be represented due to
ambiguity or overlap.

cross-peaks occurred and it was not possible to recover the
NMR_ signal by further lowering f[h_e pH, and when the pH DISCUSSION
was increased, the sample precipitated. However, by direct
adjustment of the pH of a sample with a rather low protein It remains intriguing that the views of X-ray crystal-
concentration (20@M) to pH 1.7, it was possible to obtain  lography, solution state NMR, and thermodynamic studies
a ™ N HSQC spectrum (Figure 5). This spectrum retained a provide such different pictures of the pB state of PYP.
large degree of dispersion but exhibited approximately 30 Clearly, pB provides a real challenge to the abilities of these
very sharp signals, characteristic of a partially unfolded techniques to provide a full description of such a state. Such
protein. When the pH was increased, the molecule refoldeda description may not just include the concept of a single
to give the normal pG spectrum. Unfortunately, the protein “structure”, but may need to include ideas of local stability
suffers from low stability at low pH, and we have thus far and perhaps of conformational heterogeneity.
been unable to obtain spectra to allow assignment of this pB Retains a Stable Core, with Destabilization around E46
region. and T70.In the structure of pB determined crystallographi-
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Ficure 5: Spectrum of PYP in the dark at pH 1.7. The portion on

the left is plotted at a contour level that shows all folded peaks. 113-122
The portion on the right is plotted at a 10-fold higher contour level
to show the peaks arising from the unfolded portion of the protein.

80-94

cally (2), there are two key changes compared to pG. First, 3041
the_vmyl bond O.f the chr_omophore cha_nges from a trans to Ficure 6: Structure of PYP in pG and in the X-ray structure of
acis Conformatlon,_forCIng the_ phenolic ring to undergo a pB. The coordinates that are represented are from the structure of
large movement which results in the hydroxyl group becom- Genick et al. 2) (PDB entry 2pyp). At this level of representation,
ing solvent-exposed and protonated. Second, the hydrogerthe coordinates of the backbone in the two conformations are
bonds between the phenolic ring of the chromophore and indistinguishable. The chromophore is shown in yellow for pG and

. . : - in white for pB. Residues 3241, 80-94, and 113-122 are colored
the side chains of E46 and Y42 are broken. While this state blue. Residues 4258, 69-78, and 95100 are colored red.

is described by Genick et a2(as apparently a state at an  Resjques 618 and 26-29 are shown as space-filling diagrams
energy minimum, rather than in a state of acute perturbation, and are colored yellow and green, respectively. Residue E46 (which
it is impossible to infer from such a structure alone the effect is in contact with G29) is also shown as a space-filling diagram in
of such a change on the stability (both local and global). red. The division between the bulk of the protein and the domain
Stability changes can be probed at a residue specific levelCONtaINING residues-128 is shown with a broken line.
by measurements of the level of protection against amide tions, or perhaps an overall reduction in fold stability. Results
H—D exchangeZ5), although such experiments are limited of amide H-D exchange experiments in the pB state have
to those residues that show sufficient protection to remain previously been reported using mass spectrometry to deter-
unexchanged beyond the dead time of the experiment. Themine the degree of HD exchangeX0). Such measurements
factor by which amide HD exchange is slowed compared only measure the total change in mass of the whole molecule,
to that predicted for a fully unfolded peptide is termed the and therefore cannot distinguish between a locally massively
protection factor. The usual interpretation of the protection increased HD exchange rate and an overall slight drop in
factor is that it is related to the fraction of the time for which stability. However, the observation in the mass spectrometry
the amide group is involved in a hydrogen bond. Thus, if data of the H-D exchange after 30 min at pH 7 of the mass
the protection factor ig, then the hydrogen bond is formed equivalent to 16 extra residues compared to data collected
for a fraction of the time - 1/x. under dark conditions is consistent with the definite observa-
From the data presented in Figure 2, it is apparent thattion here of 14 residues (black bars in Figure 2) for which
the residues for which the most significant loss in protection stability drops can be measured. Although the local losses
occurs are F28 (and to a lesser extent G29), E46, and T70.0f protection observed in the data presented here still leave
The loss of protection of E46 is clear evidence that the the residues with a substantial protection factor, the protection
repacking of the chromophore seriously perturbs the regionlosses are sufficient to explain the mass spectrometry results.
of the protein to which it was previously hydrogen bonded. Thus, both data confirm the retention of a solid core of
As shown in Figure 6, tha-carbon of G29 is closely packed protected residues, and the NMR data are able to pinpoint
against one of the side chain oxygens of E46 in both pG two local sites of substantially reduced stability. It must be
and the crystallographically determined structure of pB, and stressed that neither set of data can rule out, or prove,
thus, it can be understood why G29 and F28 also lose substantial loss of protection in residues that are only rather
protection. In contrast, the loss of protection for residue T70 weakly protected in pG, due to the unavoidable dead time
presumably arises because it is adjacent to the chromophoref these experiments.
attachment residue, C69, and is sensitive to the perturbing At pH~3, PYP Displays Conformational Exchange in the
effect on the protein backbone of the repacking of the Same Parts of the Molecule as phe changes in the UV
chromophore. These are the only regions where the datavisible region of the absorption spectrum of PYP at low pH
definitely show a destabilization that leads to a very low in the pBi.« state are inferred to arise from protonation of
level of residual protection, with residual protection factors the chromophore in the absence of-eisans isomerization
of ~10. For the other residues for which definite reduction (9). Such an event is also likely to disrupt the hydrogen
in protection can be quantified, the level of residual protec- bonding pattern in the region of E46. The reduction in the
tion remains relatively high, and with residual protection intensity of >SN HSQC peaks (Figure 4), the change in the
factors of~1000 it is not possible from these data alone to direction of movement of cross-peaks in tH& HSQC
state whether the reduction in the level of protection of these spectrum (Figure 3b), and the broadening of methyl reso-
latter residues simply indicates other local stability perturba- nances (Figure 3), all of which start to become apparent at
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pH 3.9, correlate well with the transition to p& which chromophore, whereas the V832Hmethyl group is at a
occurs between pH 4 and 1.5, with I pf 2.8 9). Exchange distance of 16 A.

broadening effects can be significant when only a small  Thus, the pH data confirm the idea that the PYP molecule
proportion of the second form is present. For instance, can be induced into a state where a large portion of the
pronounced effects were evident in a proteldNA complex molecule is in a state of significant conformational exchange,
at only 0.1 molar equiv of added DNA6). while retaining a well-ordered core.

We have reported previouslg)(that in the pB state, 30 Why Is the N-Terminal Region of the Molecule Perturbed?
40% of the residues in the protein give rise to no detectable Borgstahl et al.Z7) describe the PYP molecule as consisting
backbone amid®N HSQC cross-peak, which was attributed of a central3-sheet flanked on both sides by a hydrophobic
to exchange broadening due to conformational exchange oncore. The major hydrophobic core includes the chromophore
a millisecond time scale. In Figure 4b, the ratios of the moiety, whereas the minor hydrophobic core is formed by
intensities of these cross-peaks in the pB spectrum are plottedhe packing of the N-terminal 28-residue segment against
relative to their intensity in the pG spectrum. This repre- the opposite side of thé-sheet. The minor hydrophobic core
sentation highlights the fact that there are regions of sequencecomprises residues F6, 111, L15, M18, L23, L26, and F28
where substantial cross-peak intensity is retained, notablyin the segment of residues-28 and A30, W119, and F121
for stretches comprising residues-321, 80-94, and 113 from the 3-sheet. The interface region is rather flat, and in
122. In contrast, there are also regions where fairly uniform topological terms, the segment of residues28 might be
cross-peak intensity is completely lost, in particular, stretches considered to form a separate subdomain of the PYP
comprising residues-618, 26-29, 42-58, 69-78, and 95 structure. H-D exchange data in the pG forraQ) indicate
100. These two different types of region are shown in Figure that this region has low intrinsic stability.

6. In interpreting exchange broadening effects, it must be It was remarked above that it is not obvious, a priori, why
borne in mind that the effect arises from the resonance residues 618 and 26-29 [which comprise the bulk of the
experiencing two or more environments with distinct chemi- N-terminal 28 residues, residues-3 and 19-25 corre-

cal shifts. The difference in chemical shift may arise from a sponding closely to regions with highfactors in the X-ray
sequence-local effect related to changes in backbone or sidestructure of pG27) and medium to high mobility in solution
chain conformation, or may arise from a change in packing (20)] are so strongly perturbed in both the pB state and the
of different elements of sequence against each other. dark state of PYP at pH-3.2. The H-D exchange data

It can be seen in Figure 6 that residues-32, 80-94, presented here provide an explanation for this apparent
and 113-122 are packed together and form a relatively anomaly. As discussed above, the data show that in pB a
unperturbed core. Three of the regions where cross-peaksignificant drop in local stability occurs in the region near
intensity is lost are colored red in Figure 6, and are closely E46 when the hydrogen bond to the chromophore is broken
related to the region of chromophore rearrangement. Thus,in the pB state. The space-filling representation of Figure 6
residues 6978 include the chromophore attachment residue, demonstrates the close contact between E46 and G29, which
C69, and residues 458 include the majority of the residues explains the destabilization of G29 and F28. It then appears
that have different coordinates in the X-ray structure ofypB  that this destabilization, coupled to the inherent low stability
compared to pG. Residues-9500 make up a loop linked  of the structure of the N-terminal 28 residues in the pG state,
to residues 4258 via a hydrogen bond between the side leads to significant perturbation of this whole N-terminal
chains of Y98 and R52. This hydrogen bond is broken in segment. Evidently, a similar effect occurs upon protonation
pB, with R52 becoming hydrogen bonded to the phenolic of the chromophore in the low-pH state.
proton of the chromophore. In contrast, residue48 and A Model for pB Inolving an Equilibrium between Two
26—29, which are colored yellow and green in Figure 6, are StatesOne can consider two basic and distinct models for
much more distant from the chromophore rearrangement site pB to explain the exchange broadening observed by NMR.
and it is much more difficult to explain why they should be One is that chromophore isomerization induces a state in
perturbed in pB. This apparent anomaly is discussed furtherwhich there is conformational heterogeneity involving ex-
below. change between a very large number of rather similar states.

When the pH is lowered, the regions of PYP in which Such a state resembles some forms of molten globule. The
backbone amidé®N HSQC cross-peak intensity is lost are second model is that the isomerization induces an equilibrium
strikingly similar to those in pB (Figure 4). This is most between two distinct states which themselves may, or may
clear in the pH range of 3:63.0. In terms of the regions  not, be well structured. As we discuss below, the observation
defined above, there is a close correlation of intensity loss of such similar exchange broadening in the low-pH-induced
for the stretches of residues-@8, 26-29, 42-58, and 95 transition supports the second model and suggests the nature
100, but substantial intensity is retained in residues 83 of the two states involved.

The lack of perturbation of this latter region may be related  From analysis of the absorption spectra of P¥p, the

to the fact that such a state does not involve isomerization pG to pBiak transition appears to be well described by a
of the chromophore vinyl bond, the chromophore attachment two-state transition model. In the same work, it was also
residue being C69. The behavior of the four well-resolved shown that even within the transition region it is possible
methyl signals in the one-dimensional NMR spectrum for pG to be excited into the true pB state (which has an
(Figure 3) shows further similarity between PYP at pd.2 absorption spectrum which is detectably different from that
and pB, with three of the four peaks becoming broadened of pBgan), but that the recovery is dramatically decelerated.
below the detection threshold, leaving a single remaining At pH 3.2, the pG— pBgartransition is approximately 30%
peak close to the shift of V83"™ The atoms corresponding complete, and the recovery half-time for the pB pG

to the three resonances that are lost are all withi of the process is approximately 50 s. With such a slow recovery,
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it is necessary to be sure that the NMR spectra that areobtained by site-directed mutageneds §). The isomer-
observed with decreasing pH do not arise simply from a ization is also much more rapid than would be expected for
mixture of molecules in the pG state and molecules that havethe free chromophore, the spontaneous, thermal cis to trans
been excited into the pB state by stray ambient light and isomerization of 4-hydroxycinnamic acid esters being an
which accumulate due to the slow recovery. With such a extremely slow process, with an estimated activation energy
slow recovery at pH~3.2, this would yield a spectrum on the order of 30 kcal/mol (H. P. M. Fennema and J. W.
showing slow exchange characteristics. Thus, one would Verhoeven, unpublished results). If such catalysis only occurs
observe a decrease in the number pG signals with noin the rather structured environment of pBthen one must
broadening, even if the state with which it were in exchange write the recovery process as
were itself broadened. Since, for example, clear progressive
broadening of the methyl signals is observed (Figure 3), this PByunt <> PBxy — PG
cannot be the explanation for the effects observed.

Thus, it appears that at pH3.2 the NMR spectra arise
from an equilibrium between two distinct states of PYP,

namely, pG and pBq. Although the solubility of the protein between pBu,rand pBy. Such a situation closely resembles

becomes compromised at lower pH, the spectrum obtained : ) . : .

at pH 1.7 (Figure 5) indicates that the R state contains the analysis that is applicable to the rates of folding reactions
a compietely unfolded region. The simplest explanation of yia an ot_)ligatory interm(-;-diatae) and suggests _that_ further
the data shown in Figure 4 ié that as the pH is lowered a information can be obtained by detailed examination of the

two-state transition is progressively moved between a pG- gﬁgg':rsur?: gfengt:rn%msniﬂg f;ig'\ll'é;ngkiigigf on the NMR

like state and p the interconversion being on the pIn conclusign we have shown that){[he naturé of the ground
millisecond time scale which is quite reasonable for a partial state of PYP 'as the chromophore becomes ro?onated
refolding event 28). With the term “pG-like”, we indicate P P

that before the pH of the transition is reached there is at provides much insight into th.? ”"’?t“fe of pB. It remains to
least one other detectable change in the spectrum, involvingbe shown whether the Qestablhzauon of part_s qf the struct.ure
E12. However, otherwise, the spectrum is little changed andthat Ie_ads to the. partially unfqlded for”_‘ IS Important in
it appears that the structure of pG is little affected, in terms exposing a binding surfac_e involved in _the _molecular
of conformational order, across the pH range of-5172. recognition event th_at constitutes the pB S|gnallng mecha-
Although the pRax form is apparently partially unfolded nism. Alternatively, it may be important in controlling the

we may ot observe very sharp signals in the spectrum of 2 %S0k (SR RS T L B SR (8 R0
an exchanging form, because the line shape of such a P 9

spectrum is dominated by the exchange broadening and thethat truly constitutes the “signal.

broader line shape of the pG component. Only if the AckNOWLEDGMENT

equilibrium were very substantially toward the side of the
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