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1 Present address.
A decade ago, Dr. L.E. Kay and co-workers described an ingenious HNCO-based triple-resonance experi-
ment from which several protein backbone RDCs can be measured simultaneously (Yang et al. (1999)
[1]). They implemented a J-scaling technique in the 15N dimension of the 3D experiment to obtain the
NH RDCs. We have used this idea to carry out J-scaling in a 2D 15N–1H-TROSY experiment and have found
it to be an excellent method to obtain NH RDCs for larger proteins upto 70 kDa, far superior to commonly
used HSQC in-phase/anti-phase and HSQC/TROSY comparisons. Here, this method, dubbed ‘‘RDC-TROSY”
is discussed in detail and the limits of its utility are assessed by simulations. Prominent in the latter anal-
ysis is the evaluation of the effect of amide proton flips on the ‘‘RDC-TROSY” linewidths. The details of the
technical and computational implementations of these methods for the determination of domain orien-
tations in 45–60 kDa Hsp70 chaperone protein constructs are described.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The use of residual dipolar couplings (RDC) in biomolecular
NMR can enhance the precision of local structure determination
[2], and perhaps more importantly, allows unique access to
meso-scale structural features of biomolecules in solution, such
as relative domain orientations [3,4] and dynamics [5,6]. In princi-
ple, RDC’s exist for every pair of nuclear dipoles in the macromol-
ecule, and several methods to measure these have appeared in the
literature. In proteins, NH residual dipolar couplings are the most
easily accessible. For very small proteins, they can be directly mea-
sured using a 15N–1H HSQC spectrum without 1H decoupling in the
15N dimension [7]. The difference frequency between these NHa
and NHb components is equal to 1JNH + RDCNH.

Resolution can be improved by separating the two doublet com-
ponents by the in-phase/anti-phase (IP/AP) technique [8]. These
methods start to fail for proteins of increasing size which are
investigated using large static magnetic fields (B0). Because of 15N
CSA/15N–1H dipole–dipole cross correlated relaxation, the NHb dou-
blet line becomes much broader than the NHa line (see Fig. 1). In-
deed, the effect is exploited in TROSY spectroscopy, which selects
for the narrow component [9]. Simultaneously, this also means that
it becomes very difficult to obtain the frequency of the ‘‘anti-TROSY”
ll rights reserved.

rweg).
component for larger systems, needed for the RDC determination,
whether one selects for this peak directly, or by an IP/AP difference
method. Fig. 2 illustrates this difficulty for a 45 kDa protein
(sc = 22 ns). A more recent approach uses the TROSY ST2-PT ele-
ments to achieve the selection of NHa and NHb lines [10]. The draw
backs are identical to that in IP/AP, and the method is not suitable for
larger proteins either.

One approach is to obtain the NHa-NHb difference frequency
from measuring the 15N frequency difference between a TROSY
spectrum and a decoupled HSQC spectrum [11]. The difference is
equal to (1JNH + 1RDCNH)/2. The improvement is substantial (see
Fig. 3), but still leaves much to be desired.

A decade ago, Kay and co-workers described an ingenious
HNCO-based triple-resonance experiment from which several pro-
tein backbone RDCs can be measured at once [1]. They imple-
mented a J-scaling technique [12] in the 15N dimension of the 3D
experiment to obtain the NH RDC. We have used this idea to carry
out J-scaling in a 2D TROSY experiment and have found it to be an
excellent method to obtain NH RDCs for larger proteins as de-
scribed in several publications of our group [13–16]. We call the
experiment ‘‘RDC-TROSY”. Here, we describe this method in detail
and assess the limits of its utility by simulations. Prominent in the
latter analysis is the assessment of the effect of amide proton flips
[17] on the RDC-TROSY linewidths.

We describe the technical and computational implementation of
our methods by determining domain orientations in an Hsp70 chap-
erone protein. The 70 kDa Hsp70 chaperone protein family plays
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Fig. 1. The field dependence of the protein 15N TROSY effect for sc = 22 ns calculated using an rhombic 15N CSA tensor with r11 = 230, r22 = 87 and r33 = 60 ppm, with r1117
deg off the NH-bond of 1.04 Å using Eqs. (1)–(4). Thick solid line: total 15N R2 as encountered in a HSQC or HMQC; thick dashed line: 15N R2 due to 15N–1H dipolar relaxation;
thin dashed line: 15N R2 due to 15N CSA relaxation; thin grey line: the 15N R2

15N–1H dipolar/15N CSA cross correlated relaxation rate; thick grey line: 15N R2 as encountered in
a TROSY (i.e., total 15N R2 minus 15N R2

15N–1H dipolar/15N CSA cross correlation). Thin grey line: 15N R2 of the anti-TROSY line (i.e., total 15N R2 plus 15N R2
15N–1H dipolar/15N

CSA cross correlated relaxation rate).

Fig. 2. In-phase anti-phase difference spectra of DnaKTth-NBD at 15 �C (sc = 22ns). Green: NH a peaks. Blue: NH b peaks. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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fundamental roles in protein refolding and regulation using ATP-dri-
ven cycles of protein binding and release [18]. Hsp70 proteins con-
sist of a 45 kDa N terminal Nucleotide Binding (ATPase) Domain
(NBD) and a 25 kDa C-terminal Substrate Binding Domain (SBD).
The NBD is divided into four subdomains: IA, IB, IIA and IIB [19].

We have studied four forms of the TTDnaK Nucleotide Binding
Domain denoted as DnaKTth- NBD: (1) The apo form, with no nucle-
otide bound; (2) The ADP.PO4 bound form; and (3) The AMPPNP
bound form (AMPPNP being a slowly hydrolyzed ATP analogue,
we expect this to be similar to the ATP bound state). An ADP form
of a construct that also contained the substrate-binding domain
(DnaKTth-NBD-SBD) was also studied.

We observe significant, and different, NBD subdomain rear-
rangements in these four states. In particular, subdomain IIB can
change its orientation by as much as 20�. Interestingly, such orien-
tational changes were not observed in earlier X-ray structures of
these proteins in different nucleotide states [19–24].

Measurement of the RDCs for these orientational changes for a
protein of this size required the use of the RDC-TROSY, which should
be a useful general approach for other larger proteins as well.

2. Theory

2.1. Computations of TROSY line widths

The 15N linewidths of the TROSY, anti-TROSY and HSQC line-
widths were computed for a protein with 22 ns correlation time,
using the standard equations for the 15N–1H dipolar relaxation



Fig. 3. Red: TROSY spectrum of DnaKTTh-NBD at 15 �C (sc = 22ns). Black: HSQC spectrum of DnaK-TTh NBD (shifted 45 Hz in the 1H dimension).
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RDD
2 ¼ d2f4Jð0Þ þ 3JðxNÞ þ 6JðxHÞ þ JðxH �xHÞ þ 6JðxH þxHÞg

ð1Þ

for 15N CSA relaxation due to a rhombic CSA tensor

RCSA
2 ¼ c2 ½r11 � r33�2 þ ½r22 � r33�2 � ½r11 � r33�½r22 � r33�

n o
� f4Jð0Þ þ 3JðxNÞg ð2Þ

and the CSA/dipole–dipole cross correlated relaxation rate for a
rhombic CSA tensor

RCC
2 ¼ 2cd ½r11 � r33�

3 cos2 h11 � 1
2

þ ½r22 � r33�
3 cos2 h22 � 1

2

� �

� f4Jð0Þ þ 3JðxIÞg ð3Þ

In the above equations the following definitions were used:
Fig. 4a. Top: TROSY pulse sequence implementation following [42]. Botto
d2 ¼ 1
8

l0

4p
cHcNh

r3
NH

� �2

c2 ¼ 1
18
ðxNÞ2

JðxÞ ¼ 2
5

sc

1þ ðxscÞ2

ð4Þ
and H indicates the angle between the 15N CSA principal axes and
the NH vector. Other symbols have their usual meanings [25].

As is shown in Fig. 1, the 15N TROSY R2 rate for a protein with
sc = 22 ns (the N+Ha transition) at 800 MHz is 5.7 s�1(Dm1/2 =
1.8 Hz), for the anti-TROSY line (the N+Hb transition) the R2 is
60.8 s�1 (19.4 Hz). The HSQC line has an R2 of 33.25 s�1(Dm1/2 =
10.6 Hz). Similar equations were used for the calculation of the
TROSY effect on the amide proton shown in Fig. 7. The 1H-TROSY
R2 rate for the same protein (the H+Nb transition) at 800 MHz is
m: RDC-TROSY pulse sequence to extract residual dipolar couplings.



Fig. 4b. Detailed view of the j-block.
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9 s�1, the anti-TROSY R2 rate is 47 s�1 (the H+Na transition) and the
HSQC R2 rate is 28 s�1 (see Fig. 7).

2.2. Pulse sequence description

Residual dipolar couplings (RDCs) were extracted from a two-
dimensional experiment which is a 15N–1H-TROSY with a [jt1/2-
180(N,H)-jt1/2] sequence at the beginning of the 15N chemical
shift labeling period (see Fig. 4a and b). This sequence (hereafter
referred to as ‘RDC-TROSY’) mixes the TROSY and anti-TROSY
components.

With reference to the HN spin system energy level diagram
shown in Fig. 6, TROSY involves selecting the slowly relaxing N�Ha
transition and transferring it to the slowly relaxing H�Nb transition
(Fig. 6).

The j-block incorporates a jt1/2 � pHN � jt1/2 period before
the actual t1 period. Using the common the Cartesian operators
for the initial INEPT block, one obtains:

H
Z ������!pulse H90ðxÞ � HY

� HY ���!scalar 2HXNZ

2HXNZ ������!pulse H90ð�yÞ
2HZNZ

2HZNZ ������!pulse N90ðxÞ �2HZNY

ð5Þ

Switching to transition operators (also known as ladder or shift
operators), we use the relation NY¼

�i
2 ðN

þ � N�Þ to write the output
of the INEPT block as

�2HZNY ¼ �2HZ
�i
2
ðNþ � N�Þ

� �
¼ iHZ Nþ � N�

� �
ð6Þ

Now, recognizing that the longitudinal magnetization term HZ can
be written as: HZ = Ha � Hb, the Cartesian term �2HZNY can now
be expanded to

�2HZNY ¼ iðHa � HbÞðNþ � N�Þ ð7Þ

which can be rewritten in terms of 15N coherences as

�2HZNY ¼ iðNþHa � N�Ha � NþHb þ N�HbÞ ð8Þ

Therefore, realizing that the ‘i’ multiplier is merely a globally
adjustable phase factor, the terms contributing to the density oper-
ator (r) after the initial INEPT block, terminated by p/2 pulses on H
and N are:
rð0Þ ¼ NþHa � N�Ha � NþHb þ N�Hb ð9Þ

Note that time (t) has been set to zero at the end of the INEPT.
This is for mathematical convenience, as well as the fact that
the INEPT applies the same relaxation decay to all coherence
terms.

To describe the effect of the j-block, we will use the single-
transition-operator formalism, for which the following transforma-
tion rules hold:

NþHa ��!shift
NþHa expð�iXNtÞ

NþHa ��!scalar
NþHa expð�ipJHNtÞ

NþHa ������!pulse N180ðxÞ
N�Ha

NþHa ������!pulse N180ðyÞ �N�Ha

NþHa ������!pulse H180
NþHb

N�Ha ��!shift
N�Ha expðþiXNtÞ

N�Ha ��!scalar
N�Ha expðipJHNtÞ

N�Ha ������!pulse N180ðxÞ
NþHa

N�Ha ������!pulse N180ðyÞ �NþHa

N�Ha ������!pulse H180
N�Hb

NþHb ��!shift
NþHb expð�iXNtÞ

NþHb ��!scalar
NþHb expðipJHNtÞ

NþHb ������!pulse N180ðxÞ
N�Hb

NþHb ������!pulse N180ðyÞ �N�Hb

NþHb ������!pulse H180
NþHa

N�Hb ��!shift
N�Hb expðþiXNtÞ

N�Hb ��!scalar
N�Hb expð�ipJHNtÞ

N�Hb ������!pulse N180ðxÞ
NþHb

N�Hb ������!pulse N180ðyÞ �NþHb

N�Hb ������!pulse H180
N�Ha ð10Þ



Fig. 5a. RDC-TROSY’s of DnaKTth-NBD at 15 �C (sc = 22 ns). Red: j = 0. Purple: j = 0.2. Green: j = 0.6. Blue: j = 1. In black is the HSQC spectrum.

Fig. 5b. Detail of RDC-TROSY’s of DnaKTTh-NBD. Red: j = 0. Purple: j = 0.2. Green: j = 0.6. Blue: j = 1. In black is the HSQC spectrum.
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After evolution for a period jt1/2, the different 15N coherences con-
tributing to the density operator are:
r
jt1

2

� �
¼ NþHae �ipXN

jt1
2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� N�Hae þipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� NþHbe �ipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �

þ N�Hbe þipXN
jt1

2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �
ð11Þ
Here, RHa
2N and RHb

2N are the relaxation rates of coherences N�Ha
and N�Hb; JNH is the scalar coupling and DNH is the residual dipolar
coupling between spins N and H. XN is the chemical shift of
15N.

Application of the pH pulse results in
r jt1

2
;pH

� �
¼ NþHbe �ipXN

jt1
2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� N�Hbe þipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� NþHae �ipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �

þ N�Hae þipXN
jt1

2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �
ð12Þ

Application of the pN pulse along the x-axis results in

r jt1

2
;pH;pX

N

� �
¼ N�Hbe �ipXN

jt1
2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� NþHbe þipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� N�Hae �ipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �

þ NþHae þipXN
jt1

2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �
ð13Þ



HαNα

HαNβ

HβNα

HβNβ

N+(Hβ)  
ωΝ−JHN/2

H-(Nβ)  
ωΗ+JHN/2

N-(Hβ)  
ωΝ−JHN/2

H+(Nβ)  
ωΗ+JHN/2

H-(Nα)  
ωΗ−JHN/2

H+(Nα)  
ωΗ−JHN/2

N+(Hα)  
ωΝ+JHN/2

N-(Hα)  
ωΝ+JHN/2

Fig. 6. 1H–15N spin system energy levels and definition of transitions.

16 A. Bhattacharya et al. / Journal of Magnetic Resonance 203 (2010) 11–28
These coherences now evolve for a time jt1/2 + t1, leading to:

r jt1

2
;pH;pX

N ; 1þj
2

	 

t1

� �
¼N�Hbe �ipXN

jt1
2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� e þipXN ð1þj
2Þt1ð Þe �ipðJþDÞNHð1þj

2Þt1ð Þe �RHb
2N
ð1þj

2Þt1ð Þ

�NþHbe þipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHa

2N
jt1

2

� �� �

� e �ipXN ð1þj
2Þt1ð Þe þipðJþDÞNHð1þj

2Þt1ð Þe �RHb
2N

1þj
2ð Þt1ð Þ

�N�Hae �ipXN
jt1

2

� �
e þipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �
� e þipXN ð1þj

2Þt1ð Þe þipðJþDÞNHð1þj
2Þt1ð Þe �RHa

2N 1þj
2ð Þt1ð Þ

þNþHae þipXN
jt1

2

� �
e �ipðJþDÞNH

jt1
2

� �
e �RHb

2N
jt1

2

� �� �
� e �ipXN ð1þj

2Þt1ð Þe �ipðJþDÞNHð1þj
2Þt1ð Þe �RHa

2N ð1þ
j
2Þt1ð Þ

ð14Þ

Combining terms, one obtains

r jt1

2
;pH ;pX

N ; 1þj
2

	 

t1

� �
¼N�HbeðþipXN t1Þeð�ipðJþDÞNHð1þjÞt1Þe �RHa

2N
jt1

2

� �
�RHb

2N
1þj

2ð Þt1

� �

�NþHbe þipðJþDÞNH
jt1

2

� �
e �RHa

2N
jt1

2

� �� �
e �RHa

2N
jt1

2

� �
�RHb

2N
1þj

2ð Þt1

� �

�N�HaeðþipXN t1ÞeðþipðJþDÞNHð1þjÞt1Þe �RHb
2N

jt1
2

� �
�RHa

2N 1þj
2ð Þt1

� �

þNþHaeð�ipXN t1Þeð�ipðJþDÞNHð1þjÞt1Þe �RHb
2N

jt1
2

� �
�RHa

2N 1þj
2ð Þt1

� �
ð15Þ

The TROSY element now extracts the N�Ha coherences and transfers
those to H�Nb coherences in the detection period. The time-domain
signal in t1 is:

S�ðt1Þ / eð�ipXN t1Þeð�ipðJþDÞNHð1þjÞt1Þe �RHb
2N

jt1
2

� �
�RHa

2N 1þj
2ð Þt1

� �
ð16Þ

For j = 0, a standard TROSY spectrum is recovered:

S�ðt1Þ / eð�ipXN t1Þeð�ipðJþDÞNHt1Þeð�RHa
2N t1Þ ð17Þ
For j = 2, one obtains

S�ðt1Þ / eð�ipXN t1Þeð�ipðJþDÞNH3t1Þeð�RHb
2N

t1�RHa
2N 2t1Þ ð18Þ

A frequency shift of 2p(J + D)NH is observed between the j = 0
and the j = 2 spectra. Varying j allows this shift to be chosen
at will. Thus, by collecting spectra for different values of j and
eliminating the scalar coupling contribution to the shift, the
residual dipolar coupling (DNH) can be recovered. It is also obvi-
ous that undesirable relaxation terms are incorporated as j in-
creases. Thus a tradeoff between measurable RDCs and
resolvable peaks exists. This will be discussed in detail in Results
and discussion section.
2.3. Effect of amide proton spin flips

A key tenet of the description of the j-block in the RDC-TRO-
SY experiment above is the assumption that the NHa and NHb
coherences do not mix, except by the effects of 1H r.f. pulses.
However, amide protons also flip spontaneously between states
by relaxation mechanisms, dominated by zero-quantum flip-
flops (NOEs) due to dipolar interactions with other protons in
the vicinity. These rates can become quite fast [17] (upto
30 s�1 for larger and protonated proteins) and cause life-time
broadening on the TROSY and anti-TROSY lines. The mechanism
is referred to as ‘‘scalar relaxation of the second kind” [26], and
is identical to chemical exchange broadening in slow-exchange
regime [27]. The 15N evolution of the two doublet components
in presence of proton spin flips of rate kab (= kba) is described
by the following Bloch-McConnell equations (here expressed in
Cartesian single spin operators for computer coding ease, and
omitting chemical shifts)



Fig. 7. The field dependence of the protein 1H-TROSY effect for sc = 22 ns calculated using an rhombic 1H CSA tensor with r11 = 3, r22 = 8 and r33 = 17 ppm, with r11 aligned
with the NH-bond of 1.04 Å, using Eqs. (1)–(4). Thick solid line: total 1H R2 as encountered in a HSQC or HMQC; thick dashed line: 1H R2 due to 15N–1H dipolar relaxation; thin
dashed line: 1H R2 due to 1H CSA relaxation; thin grey line: the 1H R2

15N–1H dipolar/1H CSA cross correlated relaxation rate; thick grey line: 1H R2 as encountered in a TROSY
(i.e., total 1H R2 minus 1H R2

15N–1H dipolar/1H CSA cross correlation). Thin grey line: 1H R2 of the anti-TROSY line (i.e., total 1H R2 plus 1H R2
15N–1H dipolar/1H CSA cross

correlation).

Table 1
15N Ha effective R2 rates.

Kappa sc = 5 ns sc = 5 ns sc = 10 ns sc = 20 ns sc = 30 ns

600 MHz 800 MHz 800 MHz 800 MHz 800 MHz

0.00 1.88 1.44 2.66 5.20 7.77
0.20 3.34 3.09 5.75 11.25 16.82
0.40 4.80 4.75 8.83 17.30 25.86
0.60 6.25 6.40 11.92 23.35 34.91
0.80 7.71 8.06 15.00 29.40 43.96
1.00 9.17 9.71 18.09 35.45 53.01
1.20 10.63 11.36 21.18 41.50 62.05
1.40 12.09 13.02 24.26 47.55 71.10
1.60 13.54 14.67 27.35 53.60 80.15
1.80 15.00 16.33 30.43 59.65 89.19
2.00 16.46 17.98 33.52 65.70 98.24
Anti-Trosy 12.70 15.10 28.20 55.30 82.70
HSQC 7.29 8.27 15.43 30.25 45.24

Relaxation rates calculated for the ‘‘15N TROSY” multiplet components in the RDC-
TROSY experiment using Eqs. (1)–(4).
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d
dt

NX
Ha

NY
Ha

NX
Hb

NY
Hb

2
666664

3
777775¼�

RHa
2N þkab �pJHN �kba 0

pJHN RHa
2N þkab 0 �kba

�kAB 0 RHb
2N þkba �pJHN

0 �kab pJHN RHb
2N þkba

2
66664

3
77775

NX
Ha

NY
Ha

NX
Hb

NY
Hb

2
666664

3
777775
ð19Þ

where NX;Y
Ha represent the TROSY components and NX;Y

Hb the anti-TRO-
SY components, with the associated auto relaxation rates RHa

2N and
RHb

2N .
We calculate the evaluation of these coherence components

from these equations using numerical integration, for all 15N dwell
times in the RDC-TROSY experiments for several j values.

The effect of the 15N, 180� (x-phase) pulse between the two
jt1/2 periods is computed as

NX
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NX
Hb

NY
Hb

2
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3
777775

Post�180�15N

¼

NX
Ha

�NY
Ha

NX
Hb

�NY
Hb

2
666664

3
777775

Pre�180�15N

ð20Þ

while the effect of the 1H 180� pulse is obtained by setting

RA
2 ¼ RB

2; RB
2 ¼ RA

2; JAB ¼ �JAB

The time-domain signals NX
Haðt1Þ;NY

Haðt1Þ and NX
Hbðt1Þ;NY

Hbðt1Þ were
transformed to the frequency domain using a complex Fourier
transform.

2.4. Simulation of the precision of peak picking in noisy kappa-shifted
spectra

Two-dimensional time-domain data for 11 NH cross peaks
shifted by 0 Hz, JNH/10 Hz, JNH/5 . . . JNH/1 Hz, with linewidths and
corresponding intensities as shown in Table 1, column 800 MHz,
sc = 20 ns, were simulated with the routine simTimeND [28]. The
simulated time-domain data corresponded closely to typical acqui-
sition parameters (256 complex 15N points over a 3000 Hz spectral
width). In total 18 copies were made of this simulated time-do-
main data. Using the routine addNoise [28], random noise at six
different RMS levels, all with different noise seed numbers, was
added to the 18 time-domain datasets, providing three copies per
noise level each. The data was zero filled to 2048 points in the
15N dimension (1.5 Hz/point) and transformed using NmrPipe
[28]. A typical ‘‘spectrum” is shown in Fig. 9. Peak picks in these
spectra were carried out with Sparky [29].
3. Materials and methods

3.1. DnaKTth�NBD

The plasmid for wild type DnaKTth-NBD. (residues 1–382) was ex-
pressed in E. coli BL21 cells at 37 �C in M9 media with 99%2H20,
98% 15NH4Cl, and 99% 13C, 1H glucose. All isotopes were purchased



Fig. 8. 15N resonance positions, intensities and linewidths for the NH doublet components in various experiments, calculated for protein with sc = 22 ns, at 800 MHz 1H, no
amide proton flips. In black, RDC-Trosy peaks, with j values of 0, 0.2, 0.4, 0.6, 0.8, 1.0 and 2.0 from right to left. In red, the anti-TROSY peak, scaled down by a factor of 5 due to
additional broadening in the 1H dimension (see Fig. 7); in blue, the HSQC peak with intrinsic double intensity, but scaled down by a factor of 3 due to additional broadening in
the 1H dimension (see Fig. 7).

Fig. 9. Example of simulated Kappa-shifted TROSY data to assess the effect of noise on the precision of RDC shift determination. This spectrum is one of the three spectra that
was used to compute the second block of entries in Table 3 (i.e., the non-shifted peak, at the bottom left, has a S/N ratio of 91). The kappa value increases in steps of 0.2 from
left to right.
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from Cambridge Isotope Laboratory (Andover, MA). The His-tagged
protein was purified as described previously [30,31]. Guanidine-
HCl and heating was required to denature DnaKTth-NBD. to allow
re-protonation of all amide groups in the perdeuterated protein
and complete removal of the bound nucleotide. Samples for NMR
experiments were made at a protein concentration of 0.34 mM in
a buffer containing 50 mM HEPES, 10 mM KCl, 5 mM MgCl2, and
5 mM sodium phosphate. Nucleotide concentration (ADP or AMP-
PNP) was 10 mM.

DnaKTth-NBD behaves well in a solution of 10 mg/ml Pf1 phage at
50 �C, allowing the measurement of 15N–1H RDC’s using RDC-TRO-
SY. The RDC-TROSY experiments were recorded at 50 �C on an
800 MHz Varian Inova spectrometer, using a triple-resonance
cold-probe, for j = 0, j = 3/4 and j = 3/2. 10, 20 and 40 h of data
acquisition was used for the j = 0, 0.75 and 1.5 experiments,
respectively.

3.2. DnaKTth�NBD�SBD

The truncated 1–501 form of DnaKTth was constructed by PCR
from a plasmid containing the full length DnaKTth gene supplied
by Dr. A. Joachimiak at Argonne National Laboratory. The result-
ing plasmid, pMR23, had the 1–500 sequence of wild type
DnaKTth with the L501E mutation and a 6-residue histidine tail.
Introduction of the DT422, A423E mutations was accomplished
using mutagenic primers and the Quickchange mutagenesis Kit
(Stratagene). E. coli strain BL21 (DE3) cells containing the
pMR23 plasmid were grown at 37 �C in M9 media with 15NH4Cl
or with 99%2H20, 98% 15NH4Cl, and 99% 13C,1H glucose. All iso-
topes were purchased from Cambridge Isotope Laboratory (Ando-
ver, MA). The His-tagged protein was purified as described
previously. Guanidine-HCl and heating was required to denature
DnaKTth-NBD-SBD to allow re-protonation of all amide groups in
the perdeuterated protein and complete removal of the bound
nucleotide. TROSY spectra of the protein confirmed that it was
properly re-folded from these conditions. NMR spectra were col-
lected at 55 �C using an 800 MHz Varian Inova spectrometer,
using a triple-resonance Z-gradient probe. Samples were approx-
imately 400 mM DnaKTth-NBD-SBD in 50 mM HEPES pH 7.4, 10 mM
KCl, 5 mM MgCl2, 5 mM ADP and 5 mM Na2PO4. At these condi-
tions, the protein was monomeric as derived from the rotational
correlation time of approximately 15 ns determined from 1D
15N NMR R1 and R2 relaxation data.

DnaKTth-NBD-SBD ADP.Pi/apo behaves well in a solution of
20 mg/ml Pf1 phage at 50 �C, allowing the measurement of
15N–1H RDC’s using RDC-TROSY. RDC-TROSY experiments were



A. Bhattacharya et al. / Journal of Magnetic Resonance 203 (2010) 11–28 19
recorded at 50 �C on an 800 MHz Varian Inova spectrometer, using
a conventional triple-resonance probe, for j = 0, j = 1 and j = 2.
3.3. Backbone resonance assignments

A peak list (Revington and Zuiderweg, unpublished) prepared
for DnaKTth-NBD in the ADP-AlFx state, based on earlier assignment
work [31] was used as a template for assignment of the peptide
backbone of DnaKTth-NBD in the different nucleotide states. The
raw data was processed and transformed using NmrPipe [28].
The assignment ‘walk’ through the peptide backbone was done
using Sparky [29]. A total of 223 assignments for the APO form,
281 for the ADP form and 310 for the AMPPNP form of the protein
were obtained.

The backbone resonance assignments of the 501-residue
DnaKTth-NBD-SBD in the presence of ADP.Pi and in the absence of pep-
tide substrate at pH 7.4 and 55 �C were extended from earlier work
on the 381-residue DnaKTth-NBD NBD. A total of 415 of the 475 non-
proline residues in the native sequence (87%) could be unambigu-
ously assigned.
4. Results and discussion

4.1. Experimental results

Initially, our lab started the collection of RDC data for proteins
in the MW class 45–70 kDa using the 3D HNCO-based kappa-
shifted sequences as described by Yang et al. [1]. However, we
found that approach to be of too low sensitivity to be of practical
use for these large proteins. This was the impetus to move ‘‘back”
to 2D versions of this experiment, and the detailed evaluation of
that method described herein.

We report that the RDC-TROSY experiments yielded 277 out of
a possible 386 RDC’s for the Nucleotide Binding Domain (NBD) of
Hsc70 in the ADP state (72%), 259 out of a possible 384 RDC’s for
the NBD of DnaK-TTh in the AMPPNP state (67%), 190 out of a pos-
sible 501 RDC’s for a two-domain construct of DnaK-TTh in the
ADP state (38%) and 262 RDCs of the possible 603 RDCs for
DnaK-E. coli in the ADP/peptide state (43%). On average, 55%. It
should be pointed out that the collection of a series of kappa data
allows one to follow the ‘‘trajectories” of the individual NH cross
peaks, and, hence, enables one to identify shifts of peaks even in
crowded areas.
Table 2
15N Ha line relative peak height.

Kappa sc = 5 ns sc = 5 ns sc = 10 ns sc = 20 ns sc = 30 ns

600 MHz 800 MHz 800 MHz 800 MHz 800 MHz

0.00 100.00 100.00 100.00 100.00 100.00
0.20 56.32 46.54 46.29 46.22 46.20
0.40 39.20 30.33 30.12 30.06 30.04
0.60 30.06 22.49 22.32 22.27 22.26
0.80 24.38 17.87 17.73 17.69 17.68
1.00 20.50 14.83 14.70 14.67 14.66
1.20 17.69 12.67 12.56 12.53 12.52
1.40 15.56 11.06 10.96 10.94 10.93
1.60 13.88 9.81 9.73 9.70 9.69
1.80 12.53 8.82 8.74 8.72 8.71
2.00 11.42 8.01 7.94 7.91 7.91
Anti-Trosy 5.49 2.42 1.95 1.80 1.78
HSQC 27.92 14.08 11.80 11.07 10.96

Relative peak heights, setting the j = 0 line to 100 a.u. for each correlation time. The
Peak intensity of the Anti-TROSY line is reduced by the ratio 1H ANTI-TROSY/1H-
TROSY intensity; The peak intensity of the HSQC line is reduced by the ratio 2*

1H
HSQC/1H-TROSY intensity (see Fig. 7).
4.2. Simulations

As is shown in Fig. 5, the RDC-TROSY experiments yield good sen-
sitivity for the extraction of RDCs. Residual CSAs [32] are identical for
all values of j, since the 15N 180� pulse in the j-block refocuses
them. Hence residual CSAs do not appear in the differences between
the j experiments. As shown in the calculations above, the effective
15N relaxation rate of the detected TROSY line is given as

REFF
2 ¼ j

2
RHb

2N þ
2þ j

2
RHa

2N ð21Þ

where RHa
2N is the 15N TROSY (NHa) linewidth, and RHb

2N is the 15N

Anti-TROSY (NHb) linewidth. REFF
2 varies between RHa

2N and

RHb
2N þ 2RHa

2N in the range 0 6 j 6 2.
Table 1 gives the computed Reff

2 values (based on Eqs. (1)–(4))
for different j values and for HSQC, for different rotational correla-
tion times, at 600 and 800 MHz 1H. It shows that the 15N linewidth
for the j = 0.8 experiment is smaller than that for the HSQC exper-
iment for all correlation times at all fields.
Table 2 shows that the relative 15N intensity for the j = 1.2
experiment is larger than that for the HSQC experiment for all cor-
relation times using an 800 MHz system.

Explicit simulation of the RDC-TROSY experiments yields spec-
tra such as shown in Fig. 8. They convey the same message as
shown in Tables 1 and 2: RDC-TROSY experimentation is superior
to the TROSY-HSQC comparison up to j values of 1.0.

The question arises which of the ‘‘settings” of kappa in this
range is best for the determination of the RDCs. Small kappa values
yield peaks with high S/N, but any error in the peak position deter-
mination will be multiplied when the true RDC value is calculated.
On the other hand, peak position errors will not be multiplied
much for larger kappa values, but the peak position determination
itself is more prone to error. Is there a optimum compromise? In
order to answer this question we simulated kappa-shifted data
for a sc = 20 ns protein at 800 MHz, with various levels of noise
(see Theory section). A typical simulated spectrum is shown in
Fig. 9. The results of the peak picks and RDC computations from
such spectra are listed in Table 3. The table shows that it is best
to collect the data with smallest kappa value, virtually independent
of the signal to noise ratio. Apparently, the improved precision of a
peak pick on a signal with small kappa values and high S/N com-
pensates for the higher precision needed. It also clear that peak
picking on any peak with a S/N less than 20 is prone to larger er-
rors. The predicted precision of around 4 Hz corresponds closely
to our experience with the experimental precision of RDC determi-
nations for proteins in this size class.

However, the 15N linewidth and peak intensity of in the RDC-
TROSY experimentation is affected by amide proton flip-flop rates,
which occur predominantly because of zero-quantum flip-flops
(large-molecule regime NOEs) with other protons in the vicinity
[17]. These rates can become quite fast (upto 30 s�1 for larger
and especially protonated proteins, see Table 4) and cause life-time
broadening on the TROSY and anti-TROSY lines (see Theory sec-
tion). The effect can easily double the TROSY line width, and hence,
reduce the peak detection sensitivity by equal amounts. Perdeuter-
ation of the protein does reduce the effect substantially, but the
life-time broadening can never be completely overcome for amide
protons that are close to each other such as in alpha helices.

Fig. 10 shows that for amide proton flip-flop rates less than
10 s�1 the RDC-TROSY experiment remains superior to the
TROSY-HSQC comparison. For rates between 30 and 100 s�1, the
TROSY-HSQC comparison becomes equal or superior. For amide
proton flip-flop rates faster than 100 s�1, the NHa-NHb doublet



Table 3
Precision of the determination of JNH from spectra with different kappa shifts.

Kappa S/Na Normalized shiftb Max-Minc S/N Normalized shiftb Max-Min S/N Normalized shiftb Max-Min

0.00 154.00 91.00 65.00
0.20 71.33 90.07 1.32 43.33 89.93 1.73 31.33 92.07 5.08
0.40 51.00 89.61 1.53 30.67 90.22 2.19 21.67 86.56 3.41
0.60 37.67 90.14 5.97 23.33 87.68 7.42 15.00 89.25 1.66
0.80 32.67 91.24 0.74 17.33 87.10 5.03 13.67 93.51 2.77
1.00 27.00 91.36 2.32 16.67 89.51 8.97 14.00 93.28 4.07
1.20 20.67 90.85 4.69 14.33 92.07 2.31 10.67 89.45 7.02
1.40 20.67 89.65 1.03 13.67 88.42 2.60 9.67 85.87 5.96
1.60 19.33 91.07 1.78 11.33 88.42 8.08 10.00 90.96 7.16
1.80 18.00 92.29 0.23
2.00 16.67 88.68 7.04

0.00 45.67 37.00 28.00
0.20 21.33 87.15 5.69 13.67 90.68 3.97 13.33 84.61 5.39
0.40 16.33 91.05 7.12 14.00 88.02 8.44 10.67 91.75 6.71
0.60 13.00 89.91 4.64 11.67 94.20 9.73 9.00 85.44 13.90
0.80 10.00 90.11 2.14
1.00 10.00 90.66 14.12

Precision of the determination of JNH from spectra with different kappa shifts as a function of signal to noise ratio. Peak intensities and linewidths were taken from Table 1,
800 MHz, sc 20 ns. The data was simulated using the routines simTimeND, addNoise and NmrPipe. The peak picks and S/N calculations were carried out with Sparky.

a The average Signal-to-noise ratio of the kappa-shifted peaks in three simulated spectra.
b The normalized shift was calculated as (peak(kappa) – peak(0)) * 2/kappa * 90, where peak(kappa) is the average peak-pick position in three simulated datasets with

approximately the same noise level. The position peak(0) was taken from noise free data for all calculations.
c The differences between the maximum and minimum values for the shift, as computed for the three spectra. This is a crude measure of the statistical error in the peak pick.

Table 4
Computed ZQ flip rates.

Distance (Å) sc (ns) ZQ Flip rate (s�1)

NH-NH pair 2.8 20 2.23
NH-NH pair 2.8 40 4.46
NH in helix of

perdeuterated
protein

All NH within 5 Å 20 8.47

NH in helix of
proteated protein

All protons within
5 Å

20 24.2

ZQ flip rates for different NH–H distances, computed from standard dipolar relax-
ation equations. The typical rates for an NH in a helix of protein was computed from
the coordinates of the protons surrounding NH of residue 280 in the PDB file 3HSC.
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‘‘auto-decouples” and collapses to the HSQC position. In this case
1H–15N RDCs cannot be measured anymore from the 15N dimen-
sion. In the kinetic regime just before the collapse occurs, interme-
diate exchange causes small shifts of the lines from their true
positions [27]. Our simulations bear this out: whereas the slope
of the line of the 15N resonance position vs. j is the expected
45.5 Hz/unit of j for kab = 0, 3 and 10 s�1, small changes
(45.08 Hz/unit of j for kab = 30 s�1) and substantial changes
(40.5 Hz/unit of j for kab = 100 s�1) occur (see Fig. 11). But, the
shifts are not dramatic enough to be a true cause for concern in
any practical case for which RDC’s can actually be measured.

Summarizing, the simulations bear out that the RDC–TROSY
experimentation for the extraction of RDCs is to be preferred over
TROSY–HSQC comparisons for proteins with sc > 10 ns, provided
that the amide proton flip-flop rates are not faster than 30 s�1.
Our simulations also point to the importance of protein perdeuter-
ation in all TROSY experimentation: not only does it improve the
amide 1H line width, but it also improves the 15N line width by
suppressing much of the proton flip-flop processes (see Fig. 11).

4.3. Application of RDC-TROSY to subdomain orientation of the NBD of
DnaK Thermus thermophilus

4.3.1. Extracting RDC’s for DnaKTth-NBD and DnaKTth-NBD-SBD

Comparison of three datasets collected for three j values
showed excellent stability and reproducibility of spectra. Peak posi-
tions were reproducible within 4 Hz. Files corresponding to each j
value were co-added for higher S/Ns. Sequence-specific variations
in 1JNH are expected to be less than 1 Hz as was determined for
smaller proteins. Since this variation is smaller than the accuracy
of the peak position determinations in the spectra for DnaKTth-NBD,
the RDC-TROSY spectra were superposed after shifting them by
j/2 * 1JNH, where we assumed a uniform 1JNH of 90.5 Hz. What re-
mains is the RDC (see Fig. 12). Sparky functions [29] were used to
volume integrate and peak center each peak. Peak-lists were gener-
ated with the chemical shift in Hz and compiled in a spreadsheet.
Differences in 15N shift between each j-value and j = 0 yield the
RDC multiplied by a suitable scaling factor (0.375 or 0.75).
4.3.2. Procedure used to determine a subset of experimental RDCs of
maximal mutual consistency

1. Based on the way that the constants are defined in the RDC
equation, the difference of 15N shift between the j = 0.75 and
the j = 0 block yields 0.375 * RDC. The difference between the
j = 1.5 block and the j = 0 block yields 0.75 * RDC.

2. The quantity 0:75�RDC
2 � 0:375 � RDC

�� �� � 8
3 yields the properly

scaled ‘modulo differential error’ in RDC. The square of this
quantity is defined as the ‘square differential error’.

3. The square differential error was plotted for each residue. Res-
idues for which the square differential error deviates more than
2 * RMSD from the mean value were rejected.

4. This filter was applied twice, to yield a dataset designated ‘sta-
tistically sound’.

5. Shown in Fig. 13 are three plots of 0.375 * RDC vs. 0.75 * RDC,
determined as discussed above. These plots correspond to the
dataset before filtering, and after the first and second filtering
process. The improvement in the R2 value from 0.712 to
0.9393 indicates mutually consistent RDCs.

6. We used a homology model of DnaKTth-NBD for our computa-
tions. To avoid RDC violations due to uncertainties in the model,
we only used RDCs for those residues that correspond to maxi-
mally conserved residues across different members of the
Hsp70 family were retained from the statistically sound data-
set. The resulting dataset was designated ‘experimentally
sound’.



Fig. 10. 15N resonance positions, intensities and linewidths for the NH doublet components in various RDC-TROSY experiments, calculated for protein with sc = 22 ns, at
800 MHz 1H. Color coding and scaling is the same as in Fig. 8. From top to bottom: kab = kba = 3 s�1; 10 s�1; 30 s�1; 100 s�1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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This led to a subset of RDCs, enumerated in Table 3 per subdo-
main, for each form of the protein.
4.3.3. Statistics of the computation
We used in-house written Fortran 90 programs and REDCAT

[33] (A Residual Dipolar Coupling Analysis Tool) to transform the
RDCs to orientational data for the NBD subdomains. RDC data
can be transformed to a set of simultaneous linear equations using
spherical harmonics. These simultaneous linear equations are then
numerically solved. REDCAT’s solution algorithm relies on singular
value decomposition and Monte Carlo error estimation to generate
an ensemble of 1000 structures compatible with the input struc-
tures and the set of RDCs provided [34], in our case based on an
experimental error range of 4 Hz. Along with the 1000 nontrivial
solutions,10 ‘null’ set solutions are also generated. The in-house
written Fortran program is based on a grid and minimization
search of all possible Euler rotations, overall alignment and rhomb-
icity, to find the best fit to the experimental data. The results are
identical to the REDCAT solutions for high quality data. However,
for noisy data, the Fortran program proved to be the more robust
approach to find solutions. The structural data shown in this report
were all derived from the results of Fortran program, since it gave
easier access to the distribution of Euler angles. The Fortran pro-
gram is available upon request. The Sanson-Flamsteed plots were
derived from REDCAT.

For our purposes, each subdomain of the DnaKTth-NBD is viewed
as an internally ‘rigid’ fragment. The rationale is that rigid-body



Fig. 11. 15N peak frequency for the NHa (TROSY) line, calculated for a protein with sc = 22 ns, at 800 MHz 1H for the RDC-TROSY experiments. The lines in the figure are least
squares fits, with slopes of 45.63, 45.39, 45.37, (all black) 45.08 (red) and 40.5 (blue) Hz/unit of j for kab = 0, 3, 10, 30 and 100 s�1, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. Shifting the spectra by j/2 * JNH Hz from different RDC-TROSY spectra to eliminate the scalar-coupling component (JNH) of the 15N shift. What remains is the RDC
(DNH), scaled by a factor.
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reorientations of the individual subdomains have been observed in
crystal structures of complexes of chaperones and co-chaperones
such as BAG-1 [35], GrpE [36] and HspBP [37]. Furthermore, we ob-
served significant exchange broadening on the interfaces between
the subdomains, indicating true boundaries in solution as well.
Hence it was possible to use the residual dipolar couplings to pro-
vide orientation information by identifying each subdomain of
DnaKTth-NBD as a rigid fragment.

Identifying each subdomain of DnaKTth-NBD as a rigid fragment,
residual dipolar couplings provide orientation information. This
information once extracted was applied to the homology model
of DnaKTth-NBD to detect conformational changes. The homology
model was constructed in two steps. First, we threaded the se-
quence of DnaKTth-NBD on the coordinates of a crystal structure of
the NBD of DnaK-E. coli, the protein most homologous to DnaK T.
thermophilus for which coordinates are available [36] (1DKG.pdb,
with a resolution of 2.8 Å). However, this structure was obtained
in the presence of a nucleotide exchange factor, which likely rear-
ranged the subdomain orientations. Several crystal structures [19]
without co-chaperones are available for the bovine Hsc70 NBD, in
which the subdomain orientations, especially for IIB, are different
from that seen in 1DKG.pdb. In order to obtain the required refer-
ence model for DnaKTth-NBD, we adjusted the orientations of the
subdomains in the model to correspond with those in 3HSC.pdb,



Fig. 13b. After first filter.

Fig. 13a. RDC consistency before filtering.

Fig. 13c. After second filter.
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a structure of Hsc70-NBD nominally in the ADP state at a resolu-
tion of 1.90 Å. The adjustment was based on a superposition of
the Ca atoms of the secondary structure elements in the
subdomains.

4.3.4. Subdomain orientations
Table 5 shows the statistics of the subdomain orientation deter-

mination using the grid-search Fortran-90 programs with a Jack-
knife cut off of 60% of the experimental data.

If all subdomains were oriented identically as in the homology
structure, which was based on the crystal structure of Hsc70-
NBD, one would expect that the Euler angles needed to rotate these
subdomains into their PAS would be same for all (within experi-
mental accuracy). Table 3 shows that this is only (approximately)
the case for DnaKTth-NBD in the AMPPNP state. Fig. 14a displays this
same information in a Samson-Flamsteed Sanson-Flamsteed pro-
jection, which gives the orientations of the Szz and Sxx orientational
principal axes of the subdomains with respect to the model struc-
ture Cartesian frame (which is the frame of the PDB file of Hsc70).
Here, the Szz axis for all subdomains of DnaKTth-NBD in the AMPPNP
state all pierce the unit sphere around (15� N, 110� E) and (15� S, 70�
W). The Sxx axes of the subdomains are relatively well-defined and
pierce the unit sphere around (30� S, 20� E) and (30� N, 160� W). But
they are not at identical positions. Fig. 14b,14d shows that the Szz

axis of subdomain IIB of DnaKTth-NBD in the ADP state is shifted by
nearly 20� from the axes of the other subdomains. The dark blue
smears indicate that the Sxx orientation for domain IB cannot be ob-
tained with any certainty. For the APO state, the Szz axis of domain
IIB is also seen to deviate from that of the other three subdomains,
but in a different sense than in the ADP state. Here the Sxx-axes can-
not be determined with any certainty for subdomains IB and IIA. of
For DnaKTth-NBD-SBD, the data is better, and Szz and Sxx axes can be
defined for all subdomains. They all deviate significantly from the
orientations in the model structure (see Fig. 14).

4.3.5. Statistical validation
In order to evaluate the statistical significance of the domain

reorientations, we performed a ‘self-validation analysis’ on our
data. This consists of rejecting 40% of available RDCs at random
generating truncated datasets. From an n element dataset an un-
ordered combination of k elements can be created by C(k,n) ways.
For example, for subdomain IIB in the ADP state, we can create
1.26 � 1014 datasets by rejecting half of the data at random. In
practice, 100 datasets are generated for each self-validation run.
The best fit solutions for each of these 100 datasets is plotted as
a point on the Sanson-Flamsteed projection. The choice of a 40%
rejection rate for this self-validation (also called Jack-knife) was
discussed at length elsewhere [16].

From the self-validation study, our result appears to be quite ro-
bust (Fig. 15): the clustering of all subdomain alignments in the
AMPPNP of DnaKTth-NBD and in DnaKTth-NBD-SBD is still visible at
60% data cutoff. The deviation of subdomain IIB in the ADP and
APO states from the other subdomains also holds up to the Jack-
knife test. However, no well-defined orientations were found for
the Szz axes of subdomain IB in the ADP or APO form. The definition
of the Sxx axes is problematic for all subdomains in all states, ex-
cept for subdomain IIB.

From this data, we observe that only the AMPPNP bound state
of the DnaKTth-NBD closely compares to the reference structure. This
is surprising, since the reference structure is a homology model,
which is based on the crystal structure of Hsc70 in the ADP state.
In contrast, the orientations of domain IIb of DnaKTth-NBD in the
ADP-bound state in solution deviates significantly from the crystal
structure. These baffling results have been discussed extensively in
our earlier work [16], which concluded that the Hsc70. ADP crystal
structure is a closed-cleft structure, while in solution only the ATP-
like state is in this closed form, with more degrees of freedom for
the subdomain orientations in the ADP state. These findings have



Table 5
Statistics of RDC calculations of DnaK-TTh-NDB.

Na ab (�) bb (�) cb (�) RMSD (Å) Qc Szz Syy Sxx

DnaKTTh-NBD AMPPNP IA Alld 45 161.83 87.59 63.07 8.11 0.65 �8.61E�04 8.83E�04 �2.14E�05
hSVie 34 160.23 87.41 61.89 9.10 0.68 �9.21E�04 8.64E�04 5.68E�05
rf 4 6.18 4.48 5.20 1.63 0.10 6.31E�05 1.02E�04 7.41E�05

DnaKTTh-NBD AMPPNP IB All 26 136.39 76.41 69.98 10.52 0.67 �1.07E�03 7.54E�04 3.13E�04
hSVi 23 145.34 81.41 66.17 11.06 0.74 �8.97E�04 7.38E�04 1.59E�04
r 3 26.26 5.27 4.51 0.91 0.06 6.43E�05 9.32E�05 8.65E�05

DnaKTTh-NBD AMPPNP IIA All 34 163.02 90.63 61.09 90.63 118.91 7.30E+01 1.51E+02 1.63E+02
hSVi 27 144.59 88.00 58.68 6.97 0.53 �9.27E�04 7.37E�04 1.90E�04
r 4 6.89 5.91 4.57 0.62 0.06 5.13E�05 6.43E�05 8.87E�05

DnaKTTh-NBD AMPPNP IIB All 34 159.84 90.29 56.92 90.29 123.08 6.98E+01 1.47E+02 1.60E+02
hSVi 28 166.71 92.91 69.78 9.05 0.71 �8.08E�04 8.07E�04 1.04E�06
r 4 6.99 3.68 9.96 1.20 0.10 6.12E�05 6.56E�05 3.15E�05

DnaKTTh-NBD ADP IA All 45 157.95 84.39 67.53 7.94 0.60 �1.02E�03 7.65E�04 2.58E�04
hSVi 40 163.96 85.36 67.06 7.92 0.64 �8.42E�04 6.50E�04 1.92E�04
r 5 13.94 6.62 5.75 0.87 0.06 6.12E�05 7.26E�05 7.98E�05

DnaKTTh-NBD ADP IB All 26 117.43 81.50 68.30 8.46 0.57 �1.03E�03 7.68E�04 2.65E�04
hSVi 22 154.49 87.39 69.54 9.34 0.65 �9.72E�04 6.76E�04 2.97E�04
r 3 60.48 5.19 4.05 1.10 0.09 6.48E�05 7.00E�05 5.49E�05

DnaKTTh-NBD ADP IIA All 24 183.93 75.88 62.49 5.77 0.43 �9.78E�04 6.48E�04 3.30E�04
hSVi 27 180.00 81.18 68.08 6.97 0.48 �9.94E�04 7.64E�04 2.30E�04
r 4 11.63 3.39 5.92 0.78 0.06 4.18E�05 7.17E�05 6.13E�05

DnaKTTh-NBD ADP IIB All 34 165.13 89.56 49.80 8.04 0.53 �1.06E�03 9.86E�04 7.54E�05
hSVi 30 156.91 83.62 48.41 8.11 0.61 �8.48E�04 7.54E�04 9.37E�05
r 4 10.35 3.54 4.09 1.13 0.07 5.72E�05 7.79E�05 4.49E�05

DnaKTTh-NBD APO IA All 66 160.58 81.15 65.76 4.53 0.46 �7.96E�04 6.45E�04 1.51E�04
hSVi 41 160.52 81.02 66.12 4.31 0.44 �8.06E�04 6.44E�04 1.62E�04
r 5 5.09 1.85 3.15 0.36 0.05 5.22E�05 7.22E�05 4.42E�05

DnaKTTh-NBD APO IB All 32 189.53 76.49 66.36 8.46 0.66 �1.10E�03 6.17E�04 4.81E�04
hSVi 19 90.00 76.14 66.61 7.90 0.61 �1.12E�03 6.85E�04 4.39E�04
r 3 69.98 4.31 3.00 1.04 0.08 9.78E�05 7.13E�05 1.01E�04

DnaKTTh-NBD APO IIA All 25 136.16 83.95 67.26 5.38 0.79 �5.17E�04 3.60E�04 1.57E�04
hSVi 15 129.44 84.03 69.49 4.99 0.72 �5.49E�04 4.03E�04 1.46E�04
r 3 36.32 22.91 20.36 0.61 0.08 9.11E�05 7.78E�05 4.76E�05

DnaKTTh-NBD APO IIB All 30 144.58 89.91 51.28 5.42 0.51 �8.83E�04 6.93E�04 1.90E�04
hSVi 19 143.31 89.38 51.58 4.91 0.47 �8.89E�04 7.34E�04 1.56E�04
r 3 8.92 3.18 4.37 0.60 0.07 7.23E�05 9.21E�05 7.24E�05

DnaKTTh_NBD_SBD ADP IA All 25 97.01 60.93 75.94 7.42 0.46 �1.54E�03 9.82E�04 5.54E�04
hSVi 16 96.21 60.03 75.90 6.80 0.44 �1.56E�03 1.03E�03 5.25E�04
r 2 15.98 4.21 5.44 1.00 0.08 1.20E�04 1.45E�04 8.41E�05

DnaKTTh_NBD_SBD ADP IB All 24 135.87 68.47 74.47 7.54 0.48 �1.89E�03 1.25E�03 6.37E�04
hSVi 15 124.35 68.97 72.87 7.00 0.46 �1.82E�03 1.21E�03 6.16E�04
r 2 43.09 2.72 5.04 1.04 0.09 1.32E�04 1.90E�04 1.28E�04

DnaKTTh_NBD_SBD ADP IIA All 31 97.27 74.12 75.60 7.08 0.38 �1.54E�03 1.04E�03 5.04E�04
hSVi 20 96.51 75.09 73.69 6.54 0.37 �1.52E�03 1.04E�03 4.79E�04
r 3 15.78 2.54 2.97 1.31 0.08 1.02E�04 1.16E�04 1.04E�04

DnaKTTh_NBD_SBD ADP IIB All 27 94.99 78.53 66.32 7.15 0.38 �1.83E�03 1.37E�03 4.59E�04
hSVi 16 92.49 79.57 65.57 6.67 0.35 �1.87E�03 1.38E�03 4.91E�04
r 2 9.36 3.74 2.25 0.96 0.05 8.54E�05 9.74E�05 1.21E�04

Calculations for the subdomains of DnaK-TTh-NDB in various states, using a grid-search algorithm.
a Number of RDCs used.
b Euler angles in the z-y-z convention.
c Q ¼ RMSDffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNRDC

i¼1
ðRDCðiÞexp Þ2

N

q .

d All RDCs used, best fit result.
e Average of self-validation at the 60% level.
f Standard deviation of the self-validation.
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also been discussed in the context of the allosteric mechanism of
the Hsp70 chaperones [16].

Here, we find that subdomain IIB is also oriented ‘‘away” in the
APO state of the protein, but not quite the same as in the ADP state.
This suggests an ‘‘ADP” like behavior for this state, which corre-
sponds to the findings in biochemical studies [38]. However, the
APO state has no functional significance, since the nucleotide bind-
ing cleft will almost always be occupied by ATP in vivo due to the
high cellular concentration of that nucleotide.
The orientation of subdomain IIB in the DnaKTth-NBD-SBD con-
struct in the ADP state, with no substrate bound, is only slightly
offset from the other subdomains, and is intermediate between
the open and closed form. This corresponds quite well with
what one would expect [15,39,40] for this ‘‘mixed state”. Pep-
tide binding is known to drive the NBD of the Hsp70’s to the
ADP state, but lack of peptide stabilizes the ATP state. Hence,
and ADP-bound state without peptide is expected to be
‘‘intermediate”.



Fig. 14a. Sanson-Flamsteed projection for the AMPPNP form of DnaKTth-NBD.

Fig. 14b. Sanson-Flamsteed projection for the ADP form of DnaKTth-NBD.

Fig. 14c. Sanson-Flamsteed projection for the APO form of DnaKTth-NBD.

Fig. 14d. Sanson-Flamsteed projection for the ADP form of DnaKTth-NBD-SBD.

Fig. 15a. Sanson-Flamsteed self-validation analysis results for the AMPPNP form of
TTDnaK NBD with 40% RDCs rejected.

Fig. 15b. Sanson-Flamsteed self-validation analysis results for the ADP form of
TTDnaK NBD with 40% RDCs rejected.
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4.3.6. 3D structural information
The primary RDC data only yields orientational information. The

magnitudes of the alignment tensor also give information about
the overall shape of the system under study. This can be exploited
[41] when the data is of very high precision and/or when the sys-
tem deviates very much from spherical shape. Neither is the case



Fig. 15c. Sanson-Flamsteed self-validation analysis results for the APO form of
TTDnaK NBD with 40% RDCs rejected.

Fig. 15d. Sanson-Flamsteed self-validation analysis results for the Phage501 form
of TTDnaK NBD with 40% RDCs rejected.

Fig. 16. Overlays of RDC eigen structures using secondary structure of subdomain IA as
APO — red. The reference structure based on the Hsc70 NBD crystal structure is in green.
IA at bottom left, IB at top left, IIA at bottom right and IIB at top right. Right, ‘‘bottom” view
in this figure legend, the reader is referred to the web version of this article.)
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for the current data and molecules. Hence, in the current case we
have only orientational information.

In an attempt to give a 3D impression of the conformational
changes between the different states, we use the following proce-
dure. Given the reorientation information (i.e., averaged Euler an-
gles corresponding to Principal Axes frames) for each subdomain,
we rotate each subdomain, for each nucleotide state, into its prin-
cipal axis frame, which we call an ‘RDC Eigen structure’. A model
for relative translational positions of these subdomain Eigen
structures for each nucleotide state in a full molecule was ob-
tained as follows. First, the entire reference structure was rotated
into PAS of the RDCs of subdomain IA for a particular nucleotide
state. Subsequently, the ‘RDC Eigen structure’ of each subdomain
was superposed on the corresponding subdomains of the (ro-
tated) reference structure using translational shifts only, using
the Ca atom coordinates of the secondary structure elements in
those subdomains. Thus, in such a model structure, the RDC-
determined orientations of the subdomains are retained, and their
translational positions are roughly equal to the reference struc-
ture, which was based on experimental X-ray diffraction data.
We have chosen to not further refine these models even though
significant amount of atom clashes occur at the interfaces of the
subdomains. Potentially one can do so, by running a Molecular
Dynamics relaxation computation, in which the relative subdo-
main orientations are retained (e.g., by restraining an orienta-
tional parameter based on the Ca positions of the secondary
structure elements).

The overall model structures for the different nucleotide states
were oriented in the PAS of the RDCs of their subdomains IA. These
orientations should be roughly the same, since the same alignment
medium (10 mg/mL phage) was used, but are not necessarily ex-
actly the same, if conformational changes occur which affect the
overall shape of the protein. However, for the AMPPNP, ADP and
APO states of DnaKTth-NBD, the overall alignment is very similar,
as a comparison of Fig. 14a–c shows. This indicates that no large
conformational changes, beyond the subdomain orientation
changes, take place. This justifies our modeling protocol described
above. It is to be expected that the overall orientation of the NBD in
the DnaKTth-NBD-SBD construct is different (see Fig. 14d): the overall
hydrodynamical shape of the molecule is quite different from that
of the isolated NBD because of the presence of the 10 kDa SBD.
a reference. DnaKTTh-NBD AMPPMP — blue. DnaKTTh-NBD ADP — yellow. DnaKTTh-NBD

The IB domains for the ADP and APO state are not shown. Left, ‘‘standard” view, with
, with IA at the left and IIA at the right. (For interpretation of the references to color



Fig. 17. Overlays of RDC eigen structures using secondary structure of subdomain IA as a reference. DnaKTth-NBD AMPPMP — blue. DnaKTth-NBD ADP — yellow. DnaKTth-NBD-SBD

ADP — cyan. The IB domains for the ADP and APO state and DnaKTth-NBD-SBD are not shown. Left, ‘‘standard” view, with IA at bottom left, IB at top left, IIA at bottom right and
IIB at top right. Right, ‘‘bottom” view, with IA at the let and IIA at the right. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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In order to compare the different molecular molecules, we have
to remove the overall orientational differences. This can be accom-
plished by a simple superposition of the entire molecules. In order
to emphasize the differences in cleft openings, we have chosen to
overlay the model structures on the Ca positions of subdomain
IA only. The results of these exercises are shown in Figs. 16 and
17. In Fig. 16, left, one easily identifies that the orientation of do-
main IIB, at the right top, is very similar in the reference structure
(green) and the AMPPNP state (blue) of DnaKTth-NBD. In the ADP
(yellow) and APO (red) structure we find that IIB is rotated ‘‘out-
ward” in a rather similar fashion, representing an open ATP binding
cleft. The orientation of subdomain IIA (bottom right) of the AMP-
PNP state is most similar to the reference structure, while the ADP
and APO forms deviate considerably, and differently from each
other (also see Fig. 16, at right).

Fig. 17, left, shows that the orientation of subdomain IIB of
DnaK DnaKTth-NBD-SBD in the ADP — peptide-free state (cyan) is very
similar to that of the ADP state (yellow). However, the orientation
of subdomain IIA of DnaK DnaKTth-NBD-SBD is more similar to that of
the AMPPNP state. This confirms the ‘‘mixed conformation” as ex-
pected for this state (see also above).
5. Conclusions

15N–1H RDC data can be obtained for relatively large proteins
using the RDC-TROSY methodology. The simulations show that j
values should not be extended above 1.0. Simulations also show
that this RDC measurement paradigm is superior to other methods
(IP-AP and TROSY–HSQC comparisons) for almost all practical
molecular weight classes on any practical NMR spectrometer.
Our simulations show that amide proton flip-flops, caused by NOEs
with nearby protons, quickly deteriorate the quality of the RDC-
TROSY, and of TROSY in general. Hence perdeuteration of the pro-
tein, which suppresses such NOEs, will improve the quality of the
RDC-TROSY, and TROSY in general, not only by improving the di-
rect linewidths, but also by removal of ‘‘exchange broadening” of
the TROSY lines in the 15N dimension.

Despite the improvements afforded by the RDC-TROSY experi-
mentation and perdeuteration, RDC data for large proteins are still
noisy. Hence interpretation of this data requires very conservative
Jack-knife evaluations at the 40% rejection rate to establish statis-
tical significance. We find, for noisy RDC data, that a computer
algorithm based on a simple grid-search is more robust than an
SVD-based analytical fit. Finally, we show that the combined
approaches described herein can yield functionally important
conformational information on larger proteins in the size range
of 45–60 kDa (with rotational correlation times around 20 ns),
using samples with �300 uM protein concentration, and experi-
mental times of less than a week, using a 800 MHz NMR instru-
ment equipped with a cold (cryo) probe. In addition to studies
described herein, we have also obtained usable RDC data with this
method for �200 uM wt-DnaK-E. coli, a 70 kDa protein, measured
at 27 �C [15].
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