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ABSTRACT. Sequence specific resonance assignment is the primary requirement for all investigations of
proteins by NMR methods. In the present postgenomic era where structural genomics and protein folding
have occupied the center stage of NMR research, there is a high demand on the speed of resonance
assignment, whereas the presently available methods based either on NOESY or on some triple-resonance
experiments are rather slow. They also have limited success with unfolded proteins because of the lack
of NOEs, and poor dispersion of amide and carbon chemical shifts. This paper describes an efficient
approach to rapid resonance assignment that is suitable for both folded and unfolded proteins, making
use of the triple-resonance experiments described recently [HNN and HN(C)N]. It has three underlying
principles. First, the experiments exploit tHdl chemical shift dispersions which are generally very good

for both folded and unfolded proteins, along two of the three dimensions; second, they directly display
sequential amide antPN correlations along the polypeptide chain, and third, the sign patterns of the
diagonal and the sequential peaks originating from any residue are dependent on the nature of the adjacent
residues, especially the glycines and the prolines. These lead to so-called “triplet fixed points” which
serve as starting points and/or check points during the course of sequential walks, and explicit side chains
assignment becomes less crucial for unambiguous backbone assignment. These features significantly
enhance the speed of data analysis, reduce the amount of experimentation required, and thus result in a
substantially faster and unambiguous assignment. Following the amid®Mredssignments, the other

proton and carbon assignments can be obtained in a straightforward manner, from the well-established
three-dimensional triple-resonance experiments. We have successfully tested the new approach with different
proteins in the molecular mass range of-H2 kDa, and for illustration, we present here the backbone
results on the HIV-1 protease-tethered dimer (molecular mag& kDa), both in the folded and in the
unfolded forms, the two ends of the folding funnel. We believe that the new assignment approach will be
of great value for both structural genomics and protein folding research by NMR.

Sequence specific resonance assignment in proteins hagproduced by protein engineering methods, the latter has been
followed in the past either the NOESY-based approdgh (  the method of choice because of the ease and lack of
or the heteronuclear approach based on triple-resonanceambiguity with which the assignments can be obtained, and
experiments?). Presently, for most proteins which can be jt has also enabled study of much larger proteins than could

be done with the NOESY-based meth@-6); NOESY is

*To whom correspondence should be addressed. E-mail: hosur@ Of course still the central experiment for structure calculations
tifr.res.in. following the assignments. The heteronuclear approach for

10.1021/bi015683p CCC: $20.00 © 2001 American Chemical Society
Published on Web 11/10/2001



14728 Biochemistry, Vol. 40, No. 49, 2001 Accelerated Publications

assignment relies on a set of standard three-dimensionalinherent to the conventional method, of repeated scanning
experiments, such as HNCA)( HN(CO)CA @8), CBCANH through the planes of the 3D spectra. More importantly, the
(9), and CBCA(CO)NH 10) which employ one-bond peak patterns consist of positive and negative signs, and these
magnetization transfers along the polypeptide chain in doubly depend characteristically on the nature of ithe— 1, andi
labeled proteins *fC and '*N), and in most cases, the + 1 residues, especially the glycines and the prolines. On
magnetization on the amide protons is detected. The assignthe basis of these patterns, proline and glycine neighbors
ment procedure, in general, involves a sequential walk alongcan be readily identified. These provide many fixed points
the backbone of the chain, making use df, K&*, C#, and along the sequence, which serve as starting points and/or
C' chemical shifts in the different planes of the three- check points for the sequential walks along the polypeptide
dimensional (3D) spectr&(11). Using these, assignments chain. Because of the many check points one can generally
of several globular proteins are being documented every year.identify, the backbone Hand*>N assignments can be largely
While the above successes are indeed commendable, theompleted without having to obtain the residue specific side
present trends of structural genomics and protein folding, chain assignments explicitly, which is a significant advantage
which have occupied the center stage in NMR research, havendeed. These features lead to a new protocol for resonance
made greater demands. Structural genomics which deals withassignment, which is fast, and minimizes the amount of
the determination of structures of all native proteins in a experimental data required. The procedure can be easily
given species, the proteins being produced by recombinantautomated. Following the backbone amide &t assign-
means, is a high-throughput effodt2). On the other hand, = ment, the other assignments of protons and carbons can be
protein folding requires characterization of all kinds of readily obtained from the standard suite of 3D spectra. We
partially folded and unfolded specie&3 14), which is have successfully tested this approach with different proteins
challenging because of the poor chemical shift dispersionin the molecular mass range of 422 kDa, but here we
of amide and carbon resonances. In this context, the methodshow, as an illustration, the backbone results on the HIV-1
of assignment briefly described above, a standard at theprotease-tethered heterodimer (molecular mag2 kDa),
present times, has certain rate-limiting steps. (a) Repeatedboth in the folded and in the unfolded forms.
scanning through th¥®N planes of the 3D spectra to locate From our success with folded proteins, we envisage that
peaks at the desired chemical shifts is a very time-consumingat the minimal level of experimentation, the present assign-
process. (b) Equivalence of carbon chemical shifts producesment approach in conjunction with°N-resolved H-H
ambiguities. (c) Residue type identification along the chain TOCSY and NOESY experiments would constitute the core
required to remove ambiguities is a slow process and requiresapproach for rapid determination of protein structures. The
many NMR experiments. (d) The sequential walk stops successful application to unfolded proteins, on the other hand,
whenever a proline is encountered, and then a new start hags invigorating for the study of protein folding mechanisms
to be made from another point along the sequence. However(14). Various partially unfolded states can be readily as-
a priori, no known starting points are available in this signed, and their relaxation dynamics investigations throw
exercise, and they have to be chosen almost randomly; theidight on the dynamic residual structures at various stages of
sequence specific identification comes at a much later stage folding, which in turn enable identification of nucleation sites,
As a consequence, assignments are often made in shorearly events in folding, etc1@, 14, 22—25). Although there
stretches, and they have to be put together in a self-consistenhave been some reports in the literature about following
manner to obtain complete assignmenits)((e) Finally, in protein folding systematically by NMR (reviewed in r&4),
such a procedure, the assignment of a residue, say X, in thehey have been relatively few compared to the number of
stretch PXP, where X is flanked on both sides by prolines, structure determinations of folded proteins, and this is
becomes impossible. NOE-based procedures can be lsed ( primarily because of the difficulties encountered in assigning
but these require full side chain proton assignments, which unfolded and partially folded proteins. Even where there has
is a long process. To take care of the above limitations and been success, extensive experimentation has been necessary.
enhance the speed of assignment automation, algorithms havéVe emphasize here that, in the present approach, only two
been developed16—20). These are semiautomatic algo- experiments [HNN and HN(C)N] would prove to be suf-
rithms, employ different combination of experiments, and ficient for both folded and unfolded states of a given protein.
of course have different limitations with regard to generality,
dependence on statistical analysis of cr?emicalgshifts, ZC.MATERIALS AND METHODS
With regard to partially folded or unfolded proteins, it is Protein PreparationHIV-1 protease-tethered dimer (HIV-
evident from the above discussion that neither the NOESY- TD) cloned in the pET 11a expression vector was obtained
based nor the heteronuclear-based approaches or a combinas a gift from M. V. Hosur (Bhabha Atomic Research Centre,
tion thereof would be able to provide rapid assignments. Mumbai, India). This clone carried the C95M mutation in
In this total context, we develop here a new systematic one of the monomers. We also prepared a double mutant
approach based on the recently described 3D experimentalwherein the equivalent cysteine in the second monomer was
procedures, HNN and HN(C)N2{). While the basic also mutated to alanine (C195A mutation) in a different
requirement for the experiments is a doubly labeled protein context. Both the proteins have almost identical crystal
(*3C and*®N), uniform deuteration, in addition, will greatly  structures (M. V. Hosur and co-workers, unpublished results).
enhance the sensitivity and resolution because of theFor NMR experiments, we used either of the two proteins.
enhanced relaxation times of the various nuclei. The 3D N-labeled and doubBfC- and'®N-labeled samples of HIV-
spectra display direct correlations between resonances of thel'D single (C95M) and double (C95M/C195A) mutants were
amides and thé&®N nuclei ofi, i — 1, andi + 1 residues, in produced by overexpression in minimal medium and purified
the N plane of residue. This alleviates the problem, using the procedure described previous$)(
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NMR Sampled-or experiments with the unfolded protein, A
the double mutant was used. The protein was concentrated HNN Cui
to ~1 mM and exchanged with pH 5.2 NMR buffer Nica /Cle t)— HY,, 1)
consisting of 50 mM sodium acetate, 5 mM EDTA, 150 mM TN
DTT, ard 6 M guanidine hydrochloride, by ultrafiltration H,—> Ni<t1>\\§ /v N @)

For experiments with the folded protein, the single mutant Lo S N
was used. We may mention here that there is no special e S w
reason for these different choices. Since the free protein is
susceptible to autolysis in the absence of an inhibitor, a
complex of the doubly labeled protein with an inhibitor,
acetyl pepstatin, was prepared at a low protein concentration B —>N;(t)
by slow addition of a 2-fold excess of acetyl pepstatin
dissolved in methanol, and the solution was repeatedly
concentrated and diluted—3-fold with NMR buffer to ) o -
. IGURE 1: Schematic diagram showing the magnetization transfer

remove excess a(_:etyl pepstatin gnd autolyzed fragments °€athway in the HNN and HN(C)N experimentty, Te, and Tec
the protein. The final concentration of the complex in the are the delays during which the transfers indicated by the arrows
NMR sample was~2 mM. take place in the pulse sequenc2$)(

NMR ExperimentsThe NMR experiments were carried
out on a Varian Unity Plus 600 MHz spectrometer. Two- tWo spectra. HNN: F= N;, (Fs, F2) = (Hi, Ni), (Hi-1, Ni-1),
dimensional (2D) HSQC spectra were recorded with 512 (Hi+1, Nit1); F2 = Ni, (Fs, Fr) = (Hi, Ni), (Hi, Ni-1), (H;,
complex t increments, 2048,tpoints, and four scans for ~ Ni+1). HN(C)N: F = Ni, (Fs, F2) = (Hi, Ni), (Hi-1, Ni-a);
each fid. A 3D HNN spectrum of the unfolded protein in 6 F2 = Ni, (Fs, F1) = (Hi, Ni), (Hi, Ni+a).
M guanidine hydrochloride was recorded with the following It is clear that if any of the neighboring residues is a
parameters: 68 Comp|ex points a|0rlg1|f5|\j) and b (15N) proline, then that peak will not appear in the spectrum.
and 1024 complex points along(HN), four scans for each Peak Patterns for Proline and Glycine Neighbok&e
fid, and Ty = Tc = 32 ms. The data were processed using consider here triplets of residues since the HNN and HN-
Felix 97 software (Molecular Simulations Inc.). A 3D HN- (C)N experiments display correlations among three consecu-
(C)N spectrum of the same sample was recorded usingtive residues at a time. In the HNN spectrum, every
parameters identical to those for the HNN spectrum. The and R—F; plane contains the diagonal peak (F F> = i)
Tce delay was set to 9 ms. The acquisition time for each of and two sequential peaks to residues 1 andi + 1. On
the two experiments was approximately 29 h. The experi- the other hand, in the HN(C)N spectrum, the-F; plane
mental parameters for the folded protemcetyl pepstatin  contains the diagonal (= F, = i) peak and one sequential
complex for both experiments were as followk; = Tc = peak to residué — 1, whereas the FF; plane contains the
28 ms, 64 increments along bothand b, 1024 complex diagonal peak and one sequential peak to redigu#. Thus,
points along 4, and 12 scans for each fidlcc was setto 9 although the HN(C)N sequence generates ordpdi — 1
ms. The acquisition time for each experiment was ap- correlations, the fF; and —F; planes taken together help
proximately 80 h. We also recorded the triple-resonance in identifying a triplet of consecutive residues.
experiments [HNCA, HN(CO)CA, CBCANH, CBCA(CO)- Analytical expressions for the intensities and signs of the
NH, and HNCO] on both the samples using “protein pack” various diagonals and cross-peaks were derived previously
on the Varian spectrometer. All the spectra were recorded following product operator method21). It turns out that
at 32°C. the evolutions of the magnetization components are slightly

The signal-to-noise ratio on our Varian Unity Plus 600 different for glycine and non-glycine residues, because of
MHz spectrometer is-540 on a standard sample. This is the absence of thg-carbon in the former. This results in
lower by a factor of 210 compared to the currently available  différent combinations of positive and negative signs for the
sensitivities, and hence, we had to use a larger number ofvarious self-peaks and cross-peaks in the different planes of
scans for each fid than would be required on the modern the 3D spectra. Further, the absence of an amide proton for

BHN(C)N

high-field spectrometers. a proline results in the absence of the corresponding peak.
In addition,**N chemical shifts also display certain residue
RESULTS AND DISCUSSION type dependence2(). Glycines are distinctly upfield com-

pared to others. Interestingly, the average values of the shifts

Magnetization Transfer in HNN and HN(C)N Experiments. for the different residue types are similar in both folded and
The pulse sequences and the theoretical details of HNN andunfolded proteins, though the spreads are larger in the folded
HN(C)N experiments have been described previoudl),(  proteins. Thus, there will be different patterns of peaks for
and we present here only the salient features. Figure 1 (Adifferent triplets of residues containing glycines and prolines;
and B) traces the magnetization transfer pathway throughwe hasten to add that chemical shift-based distinction is only
the two experimental sequences. a guideline.

The amide magnetization originating from title residue Four categories of triplets of residues may be distin-
is partly transferred in the end to the amides of residues guished: (I) PXZ, ZXP, and PXP, (ll) PXG, PGX, PGG,
1 andi + 1. What remains onitself results in the diagonal GXP, GGP, XGP, and PGP, (lll) XGZ, GXZ, ZXG, GGZ,
peak, and what is transferred to the two neighboring residuesXGG, GXG, and GGG, and (V) ZXZwhere X, Z, and Z
results in the cross-peaks in tH& plane of theth residue. can be any residue other than proline and glycine. Category
Thus, the peaks appear at the following coordinates in thel has prolines but no glycines. Category Il has combinations
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() (B B e = sign. To emphasize _this sign distinction, the d_iagonal_ peaks
] are shown with a different symbol (square) in the figure.
|| | ]= X . X This enables unambiguous discrimination between triplets
o|lo 25 jz. 5 having G’s and triplets having X's as the cen_tral residues.
I ®»— — — IV 5 — < For example, the patterns for PGX and PXG in HNN seem
= B similar, but in the former, the diagonal peak is negative and
| |= || |x "X the sequential positive; the reverse is true in the latter case.
o J z o |z The sign of the sequential peak at the 1 position will be
@ F, @ positive or negative depending upon whether that residue is
o rox poo. o e xom pop. glycine or otherwise. Similarly, the sign of the sequential
W lallalle][al[allale peak to residue+ 1 will be positive or negative depending
R R B N R A g on whether theth residue is glycine or otherwise.
- i 5 In the HN(C)N experiment which generateso i — 1
I L — — correlations, the signs of the self-peaks and sequential peaks
S I e o |[w][w]c* are always opposite. The actual signs are dictated by whether
ol * . i thei — 1 residue is a glycine or otherwise, and of course by
the phasing of the spectra. Again, we have made the diagonal
I - ] negative for a glycine at the— 1 position. Consequently,
in the R—F; plane at the fchemical shift of residug the
Neaiveivsirs i ieeiea signs of peaks andi + 1 are dictated by the nature of the
* llellef residues at positions— 1 andi, respectively.
" - X Comparison of the patterns in HNN and HN(C)N spectra
I b I o T 3 enables ready discrimination of the- 1 andi + 1 neighbors
® =1 1510 o T v Y e = and this provides directionality to the assignment. The
* * e patterns in HN(C)N resolve some of the possible ambiguities
T i} X in the HNN patterns and vice versa. For example, ZXP and
LJ L °_N L L PXZ can be readily distinguished from the HN(C)N spec-
R HD trum, whereas they look similar in the HNN spectrum.

FiGURE 2. Schematic patterns in the;FFs planes at the £ Similarly, PGG and GGP patterns are similar in HNN, but

chemical shift of the central residue in the triplets mentioned on are distinctly different in HN(C)N. PGP and XGP would
the top of each panel, in the HNN (A) and HN(C)N (B) spectra for look similar in HN(C)N, but they can be readily distinguished
various special triplet sequences of categoriel/I(see the text). from the HNN spectrum, and so on.

X, Z, and Z are any residues other than glycine and proline. Squares ; ; ; : : :
are the diagonal peaks, and circles are the sequential peaks. Filled Trlplet .leed POIntS.I_:or a given protgln W't.h a Known
and open symbols represent positive and negative signals, respec@MinO acid sequence, it would be possible to identify many

tively. In all cases, the peaks are aligned at thgH™) chemical special triplet sequences simply by inspecting the various
shift of the central residue. F1—F; planes in the 3D HNN and HN(C)N spectra of the
protein. In case a particular pattern occurs more than once
of glycines and prolines. Category Ill has glycines but no in the spectral>N chemical shifts 27) may be helpful in
prolines. Category IV is a general one, not containing identifying favorable cases specifically. For example, an AGP
glycines and prolines, and has been included so that thestretch can be readily distinguished from an SGP or a TGP
special patterns could be distinguished from the generalstretch on the basis of the chemical shifts, but it may be
pattern. The expected peak patterns for each of the abovemore difficult to distinguish a VXP from a LXP. The triplets,
cases in the FF3 planes of the HNN and HN(C)N spectra, which are unique, would be unambiguous fixed points, and
at the K chemical shift of the central residue, under the several others, which may have some ambiguity, would serve
optimally chosen experimental conditions of magnetization as ambiguous fixed points. Both of these can be used for a
transfer delaysTy = 28—32 ms,Tc = 28-32 ms; see Figure  variety of purposes, the most important being as starting
1) are schematically shown in Figure 2. In each of the planes, points or check points during sequential walks along the
the peaks are aligned at the amide) @hemical shift of the  polypeptide chain. Whenever complete assignments are
central residue. The choice of the relatid chemical shifts hampered for some reasons, by any of the methods, the fixed
of the Z, Z, and X residues is quite arbitrary. In reality, the points will serve at least as partial monitors and enable local
positions of the positive and negative peaks can get alteredcharacterization of the protein.
as per the relative chemical shifts. The important things to  Sequential Walk through an HNN Spectriwhile an R—
consider are (i) the sign of the self-peak or the diagonal (F F; plane at the Fchemical shift of residué in the HNN
= F,) peak and (ii) the signs of the sequential peaks relative spectrum displays self-correlations and sequential correlations
to that of the diagonal peak. The patterns in Figure 2 can beto 15N chemical shifts of residueis— 1 andi + 1 at the
readily understood from the following salient features of the amide position of, the R—F3 plane at the Fchemical shift
HNN and HN(C)N spectra. of i displays the three correlations at their respective amide
In the HNN experiment which generates correlations from positions; note that both the Bnd F, dimensions havé®N
residuei to both residues — 1 andi + 1, the sign of the chemical shifts. In any given ;FF; plane, distinction
self-peak for glycine is always the opposite of that of any between the peaks of- 1 andi + 1 residues can be obtained
other residue; the actual signs will depend on how the spectraby comparison with the identical plane in the HN(C)N
are phased. We have given the diagonal of glycine a negativespectrum. This leads to a new strategy for rapid assignment
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(A) Sequence: -PGXZB- A note of caution is in order at this stage. Because of the

@ positive and negative combinations of the diagonal and
sequential peaks in the HNN and HN(C)N spectra, cancel-
lation of intensities can occur whenever two neighboring
residues have very nearly eqdé&N chemical shifts. In the
HN(C)N spectrum, diagonal peak cancellations can also
occur if the central residues of two different patterns (for
instance, X in GXZ and ZXG) have nearly identicaN
shifts. Although these situations can be readily identified by
referring to the HNN spectrum, one has to be watchful of
such eventualities during the sequential walks. In any case,
it is desirable to record these HNN and HN(C)N spectra with
high resolution along the twN dimensions. This can easily
be achieved sincéN spectral widths are small, and high
acquisition times can be readily obtained even with a fairly
small number oftand t increments.

Application to the HIV-1 Protease-Tethered Dim@ve
have successfully tested our approach with different proteins
in the molecular mass range 122 kDa, and we choose
here, for illustration, the HIV-1 protease-tethered heterodimer
(HIV-TD) (molecular mass of 22 kDa), both in the folded
form (protein-acetyl pepstatin complex) and in the unfolded
form (in 6 M guanidine hydrochloride). The protein has two
equivalent halves (except for position 95) joined head to tail

“ F; (HY) —> covalently by a GGSSG linker. The crystal structure of the

free protein has recently been report@8)( Amazingly, in
(B) (G) x) @ this construct, the free protein has the flaps closed, in contrast
G P to the wild-type homodimeric protein wherein the flaps are
in the open state in the free protein but are closed when it is
B bound to an inhibitor. Yet the tethered dimer is enzymatically
X ? active, suggesting significant dynamism in the structure of

F, (PN)

F, (¥N)

F, ("N)

the protein. The free protein is also highly susceptible to
z autolysis. This would have implications for foldirginfold-

ing equilibria @9). To date, there are no reports on the
folding and unfolding characteristics of this protein. The
successful application of the new method for rapid assign-
Ficure 3: (A) Protocol for a sequential walk through the HNN  ment presented here, for the folded as well as the unfolded

spectrum using a PGXZB illustrative sequence where X, Z, and B ; :
can be any residue other than glycine and proline. Pairs FF state of the protein, would be of great value for all the studies

and B—F; (dotted) planes belonging to the three residues (G, X, described above. _ _ _ »
and Z) are stacked in an appropriate alignment so that thé§ Table 1 lists the amino acid sequence and the identifiable
plane of one residue stacks over the-F; plane of the neighboring  special triplet sequences of the three categoriedlljl in

residue. Squares are diagonal peaks, and circles are sequential peakye protein. It is clear from the table that triplets belonging
Filled and open symbols are positive and negative peaks, respec-

tively. Note that the chosen sequence includes the PGX and Gxz (© categories | and Il and a few belonging to category Il

special triplets, and the signs of the peaks have been drawnWould be less ambiguous. Many others would be more
accordingly. The dashed line represents the sequential walk. Theambiguous, but would nevertheless be very valuable check
vertical line at the amide position of a particular residue goes from points. Altogether, there are 41 check points distributed over

the diagonal peak to the sequential peak in theff; plane and  — ne whole length of the sequence. We identified a large
identifies the!®N chemical shift of the sequentially connected . . o
residue (G to X, X to Z, and Z to B in the G, X, and Z planes, umber of these triplet fixed points in our spectra at the outset

respectively), whereas the horizontal line from the-F; plane to itself. Figure 4A shows the;FF; planes representing some
the R—F; plane of a given residue enables identification of the of those fixed points in the HNN spectrum of the unfolded
amide chemical shift of the sequentially connected residue. Note protein, and the corresponding planes from the HN(C)N

that the diagonal peaks in one plane become sequential peaks i : ; .
the vertically neighboring plane. (B) Simplified schematic diagram r’spectrum are shown in Figure 4B. Similar planes for the

in which the H' identification from the F—Fs planes is implicity ~ olded protein are shown in panels C and D of Figure 4.
assumed, and the sequential walk is shown in theFg planes. Note that the specific triplet identifications given here have
come after the sequential walks (see below), but they have

been included here for better appreciation of the patterns.

“+ F3 (HN) >

of the amide and*N chemical shifts of the individual Starting from the several fixed points thus identified and
residues, sequence specifically, as shown in Figure 3A. Inthe HY identification for the respectiv®N chemical shifts,
Figure 3B, a simplified version is shown wheré' kenti- from the Rh—F; planes, we were able to obtain complete

fication from the L—F; planes has been implicitly assumed. assignments, for the unfolded protein, as per the protocol
The sequential walk can start from any of the fixed points, used to generate in Figure 3B. An illustrative sequential walk
which can be identified as described above. through the HNN spectrum is shown in Figure 5A, and a



14732 Biochemistry, Vol. 40, No. 49, 2001 Accelerated Publications
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FiGure 4: F—F;3 planes through HNN and HN(C)N spectra of the unfolded and folded HIV-1 protease-tethered heterodimer; in the latter
case, the protein is in a complex with acetyl pepstatin. Panels A and B show data for the unfolded protein, while panels C and D show data
for the folded protein. One triplet each from the types listed in Table 1 has been chosen for display, except for GIG, for which only the
pattern in the unfolded protein has been shown since the same in the folded protein was not distinct. The specific triplet identification
indicated on the top of each strip has actually been realized after the sequential walk starting from the various fixed points (see the text).
The numbers inside each panel are thelemical shifts which help to identify the diagonal, (F F,) peaks. Black contours are positive

peaks, and red contours are negative peaks.

summary of the connectivities is shown in Figure 5C. We assignments for the unfolded protein because of the extensive
may mention here that the standard procedure based ordegeneracy of the Cand & chemical shifts. Similarly, for
HNCA, HN(CO)CA, etc., was unsuccessful in providing the the folded protein in the complex with acetyl pepstatin, we
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Table 1: Amino Acid Sequence of the HIV-1 Protease-Tethered (A) ) [ [ | [rew ] Frer] [few
Dimer and the Special Triplet Sequences, Belonging to Categories 2ﬂ = . - = S_
I-11l, Therein T T - w | B
triplet sequence present in the | < . - ? g
type* cateogry HIV-1 protease-tethered dimer - : v E r& 2
PXZ | PQV, PLV, PKM, PVN N e NP R -
ZXP | QRP, SLP, WKP | ST | LT = —l 8w
PXP I PTP e == =
PGX I PGR = = | =
XGP II SGP, VGP s LT E le B45 a40 :I;: 845 848 . p
XGZ Il TGA, IGT, IGR, IGM, IGC(A) ' e ems
GXZ Il GQL, GAD, GRW, GFI, GTV, GRN, GMT ® ] ] e = — .
ZXG Il KIG, DTG, MIG, AIG, LVG, IIG, QIG, NFG, SSG THTTRIPT R B S Sl S i S~
GGz I GGQ, GGI, GGF, GGS . o i -
ZGG N (IGG)s FGG = == °| == | B
GXG n  GIG | i g
a2X and Z can be any residue other than G and P. - J‘ - n o &
N - - S . — - 7] _— a ’C:
T | d
could obtain all but three sequential connectivities in the | L= | | $
HNN spectrum as per the protocol used to generate Figure ;;’ & | <" &
3B. An illustrative sequential walk through the HNN ITh 5% ool I- o =
spectrum of the folded p_rc_>t_e|n_|s shown_m F_|gure 5B, and a Fa (HY) (opm)
summary of the connectivities is shown in Figure 5D. These
assignments then enabled a rapid analysis of the HNCA, HN-
(CO)CA, HNCO, CBCANH, and CBCA(CO)NH spectrain ) |
POVTLWORPLVTIKIGGOQLKEALLDTGADDTVLEEM

a straightforward manner which elucidated thg C%, and
C' assignments (BioMagResBank accession number 5062 for ) ' ]

the unfolded protein). Figure 6 shows the amide & SLPGRWKPKMIGGIGGEIKVRQYDQILIEICGHKAIG
assignments in the HSQC spectra for both the folded protein = _

in the complex (A) and the unfolded protem6 M guanidine 80
hydrochloride (B). Examination of the two spectra reveals R

that the amide proton dispersion in the unfolded protein is
very narrow compared to that of the folded protein, and
successful assignment of such a spectrum is indeed an 10 . o
achievement. The SUCCGSSfUl application to bOth f0|ded and (D) POVTLWORPLVTIKIGGOQLKEALLDTGADDTVLEEM
unfolded states of the protein also suggests the possibility ™ -
of detailed characterization of various stable intermediates SLPORWEPEMIGG GGFIKVEQYDQILIEICGHEALG
during the folding reaction of the protein.
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We have described in this paper a novel approach for ’ ) ,
Ficure 5: lllustrative sequential walks through the HNN spectra

?btammglsrapld aSSIQnme.m of NMR resonz_ances in doubly for the unfolded protein (A) and folded protein (B). Black and red
’C- and**N-labeled proteins. The method is based on the ¢ontours are positive and negative peaks, respectively. Several of

recently described HNN and HN(C)N triple-resonance the planes are fixed points: GGS, FGG, and GMT in panel A and
experiments. The success of the method has been demonVGP, GTV, and IGT in panel B. Summaries &N sequential
strated with a 22 kDa protein, HIV-1 protease, both in the connectivities for unfolded and folded proteins are shown in panels
folded and in the unfolded forms, which have implications C and D, respectively.

for structural genomics and protein folding studies. However,

for the general utility of the techniques on a routine basis, nondeuterated proteins presented here, and those which have
certain comments about the sensitivity and range of applica-not been presented here, indicate, however, that our earlier
tions of the techniques would be in order. As discussed in statement was a rather cautious and conservative one. In the
the original description of the techniques, the experimental case presented here, the experiments have been performed
pulse sequences employ two successive transfers througlon an old Varian Unity Plus 600 MHz NMR spectrometer
relatively small one- and two-bond coupling constants, with a signal-to-noise ratio 0£540, on a standard sample,
because of which the pulse sequences are long, and transversghereas in modern NMR spectrometers, ratios of 1300 are
relaxation during these long periods causes loss of sensitivity.easily available; with the availability of “cryoprobes”, signal-
While this is not a serious problem in unfolded proteins and to-noise ratios as high as 6000 have been realized on 600
smaller proteins, it may become a matter of concern for larger MHz spectrometers. At higher magnetic field strengths of
folded proteins which have fast relaxation rates. Recognizing up to 900 MHz (in proton frequency units), as are currently
this factor, we had stated in the original paper that for folded available, the sensitivities are even higher. Thus, the sensitiv-
proteins, deuteration may become necessary for reducing thety of the HNN and HN(C)N techniques is not an issue, and
relaxation losses through the pulse sequences. While deuexperiments can be successfully carried out on large proteins
teration benefits are indeed significant, the results with even without deuteration.
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FIGURE 6: HSQC spectra with Mand!SN assignments for the folded (A) and unfolded (B) HIV-1 protease-tethered dimer. In the folded protein spectrum, separate peaks are seemfor egjuivale
residues in the two halves for many cases and these are distinguished by primed and unprimed labels. These two sets are sequentially conhectse méhimithough the continuity of this
distinction is lost whenever they merge at some point and restart at another place.
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Another important point deserves reiteration. Many large 11.

proteins may have certain contiguous regions which are very

flexible. These regions behave like small proteins from the
relaxation pint of view, and can be readily monitored by the
approach described in this paper. A few fixed points in that

area will help unambiguous assignments, and it is possible

to carry out a variety of structural and dynamics studies for
that portion of the protein.
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