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CEESY: Characterizing the Conformation of Unobservable Protein States
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Many biological processes such as ligand binding, enzyme (q) -X
catalysis, allosterics, and protein folding involve conformational | I | I
rearrangements on a micro- to millisecond time scale to transient
protein states with a low population, also termed excited states. y
These unobservable minor states can only be studied indirectly by S T T o W5 50> Ws ua 5 50 < O Mo
exploiting their continuous interconversion into the major or ground a 559> 0 05005 g< 0
state. Kinetic and thermodynamic parameters of this exchange rigure 1. (a) Diagram of the CEESY pulse sequence element. Narrow
process can be determined along with the frequency difference (wide) bars represent 9q18C°) pulses along the-axis unless indicated
between excited and ground state for a number of backbone andotherwise. (b,c) In the presence of exchange to an excited state, the echo

side-chain nuclei using well-established relaxation dispersion 'ormed at time poina is rotated. The relative sign of the orthogonal (0)
and main (m) component matches the sign of the frequency separation

technique$. These frequency differences are _Of great inteljest between excited and ground state. Passive heteronudleanplings
because they allow the structural characterization of the excited- involving either spinl or Sare refocused. Passive homonuclear couplings

state, provided their sign is knowriHowever, only the absolute introdugeascaling factor coslsfszlr) that identically affect the orthogonal
value is accessible using relaxation dispersion methods. ExperimentinOI main component. Double antiphase teriS&, and 4,55, generated

. . y homonuclear couplings-s, are removed by thefilter. Cross-correlation
to measure the sign have so far only been designed for backbongysects are suppressed by the 1gailses on spi.
15N nuclei*5 Here, we present a new method, named CEESY (for
Chemical Exchange to Excited States spectroscopY), to establishspeciral information on the conformations in the ensemble of excited
the sign of the frequency difference between ground- and excited- siates can be obtaindl.
state signals using a single 2D spectrum. Importantly, this method  \ye have applied the approach outlined above to determine the
is not limited to**N but can also be applied to most relevant spins  gjgn of the frequency difference for the amide proteiy (Awun
in bioorganic materials and will, therefore, allow for a more = ), . — wyyg) and the backboné&N nuclei Aoy = wye —
complete spectroscopic characterization of the excited state. wn,g)- CEESY experiments foiHy and5N were tested on the 12

The essential pulse sequence element of the CEESY (Pronounc&pa PAH2 protein domain, for which fast-to-intermediate confor-

as /'keisi:/ (International Phonetic Alphabet notation)) experiment mational exchange has been observed between a structured form
involves two heteronuclear spihgndsS (Figure 1a). It consists of  and a low-populated, partially unfolded stafehe CEESY building
a modified spin-echo sequence comprised of two periods of duration pjock was inserted in a regular sensitivity enhanced HSQC (pulse
7, separated by a refocusing T8fulse on spir& Single quantum  sequences and experimental parameters shown in Supporting

S spin coherence evolves in the firstperiod andIS multiple Information) and for both the main and the orthogonal component
quantum coherence in the secondperiod. In the absence of g 2D 15N,!H correlation spectrum was recorded.

exchange, the chemical shift evolution of sgSnis completely Positive and negative peaks were found in the 2D spectrum of
refocused and a perfect echo is obtained at pair€onversely, the orthogonal component for bofiy and 5N nuclear spins.

chemical shift refocusing is only partially achieved in the presence Representative results are shown in Figure 2. Starting withHke
of exchange, as a result of a difference in the exchange inducedCEESY, panel (a) shows the main component of the echo for

shift for SQ and MQ coherenceand a small net rotation d® residue L22 in three spectra recorded with increasing duration of
coherence at poina results (Figure 1b,c). Thus, a largeain the spin-echo delay. These 1D traces demonstrate the decay of
component (projection on echo axis) and a smafthogonal signal intensity due to relaxation and exchange. In panel (b) the

component (projection on orthogonal axis) are present at the endtraces for orthogonal components of residues L22, D23 and Q98
of this modified spin-echo. The sign of this rotation is determined are plotted. For L22 a negative signal is observed, whose magnitude
by the sign of the Larmor frequency difference between excited increases with increasing spin-echo delay. Likewise, an increasing
and ground-state resonances in most cases of practical interest, i.epositive signal is seen for D23. For Q98, no signal is observed,

fast-to-intermediate two-site exchang@bservation of identical implying negligible chemical exchange for tHey nucleus of this
signs for the two components can therefore be directly translated residue. Panel (c) displays two typical results of i#f\¢ CEESY.

into an increased Larmor frequency in the excited staig.(> A clear, negative signal is observed for L22, and a positive peak
ws,g, while opposite signs denote a decreased Larmor frequencyfor D23.

in the excited state with respect to the ground staig.(< wsg. As discussed above, opposite signs for the two components imply
The signs of the two components can readily be obtained by a a smaller Larmor frequency in the excited state with respect to the
proper choice of the phasg of the 90 pulse on spirS at time ground state, while identical signs indicate a larger Larmor

point a (Figure 1a). The CEESY building block is robust with  frequency in the excited state. To translate this into a chemical
respect to interferences frodcouplings and cross-correlated  shift difference, one has to consider that the direction of the
relaxation. The requirement for two-site exchange is not so frequency axis runs in opposite directions fot and 15N as it
restrictive. In the case of multisite exchange, meaningful average depends on the sign of the gyromagnetic rafidwus, the'Hy and
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In conclusion, we propose a new method to determine the

0 «———
Figure 2. Representative results of el (a,b) an d15l;\l( CEESY (o) position of unobservable_excited_-state resonances relative to_the
showing slices through the peak maximum é\long the acquisition a;<is of pbserveq re.sonanlces using a single 2D spect.rum.. The obt.alned
the 2D spectrum. (a) main component of L22 at three echo delay values information is crucial for the structural characterization of excited
(indicated above the traces). (b) Orthogonal component of L22 (decreasedstates. Our CEESY experiment can be applied to proteins, nucleic
whn,e), D23 (increasedvne) and Q98 (no exchange). (c) Orthogonal  acids, or any system in fast-to-intermediate two-site exchange. Here,
components of L22 (decreasesl ) and D23 (increased.o. Stick spectra e have reported the experimental determination of the sign of
on the right indicate the corresponding relative positions of ground state . ) . .
SQ- and MQ-peaks and the excited-state resonance (red arrow). DirectionsAw of the backbone nitrogen and, for the first time, of the amide
of the frequency and chemical shift axis are shown with gray arrows. Data proton. Importantly, this approach can be extended to different
acquired on 0.9 mM uniformly3C/A*N labeled PAH2 sample at 11.7 T, nuclear species. We anticipate that application to other nuclei, such
298 K and a room-temperature probe head. as the G and G; of proteins, will provide spectroscopic information

. ) to characterize the structure of unobservable protein conformations
1*N resonances of L2y 7.3 ppm;dy 126.0 ppm) are shifted to iy more detail. Ultimately, combination of relaxatiedispersion
higher and, respectively, lower ppm values in the excited state. The 3nq CEESY experiments applied to multiple backbone nuclei will

opposite behavior was found for D234 8.7 ppm;on 113.1 ppm), allow main-chain structure determination of these excited states.
with Hy and 13N resonances shifted to respectively lower and

higher ppm values in the excited state. For both residues these Acknowledgment. We thank Prof. Dr. Cees W. Hilbers for his
results indicate a resonance shift toward the random coil values, interest, and NWO for financial support (Grant JC 99-03).
consistent with a less structured excited state.
The sign ofAwyy andAwy was classified using the 2D spectrum

of the orthogonal component recorded with the longest spin-echo
delay (i.e.,7 is 12 ms for'Hy and 19.5 ms fof®N). Taking a
conservative approach, only those signals were considered for which
the spin-echo was rotated by more thahahd for which the

i i i i ; (1) (a) Mulder, F. A.; Mittermaier, A.; Hon, B.; Dahlquist, F. W.; Kay, L. E.
intensity, |lorthol, €Xceeded 3 times the noise level. The maximum Nat. Struct. Biol 2001 8, 933-935. (b) Volkman. B. F.. Lipson. D.:

Supporting Information Available: Pulse sequences (Varian pulse
sequence available upon request) and detailed results. This material is
available free of charge via the Internet at http://pubs.acs.org.
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