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ABSTRACT. Model-free-based NMR dynamics studies have been undertaken for polypeptide backbone
amide N-H bond vectors for both the deoxy and carbonmonoxy forms of chain-specific, isotopically
(*®N and?2H) labeled tetrameric hemoglobin (Hb) usiij-relaxation parameters [longitudinal relaxation

rate Ry), transverse relaxation rat®J, and heteronuclear nuclear Overhauser effect (NOE)] measured
at two temperatures (29 and 3€) and two magnetic field strengths (11.7 and 14.1 T). In both deoxy
and carbonmonoxy forms of human normal adult hemoglobin (Hb A), the amidld blonds of most
amino acid residues are rigid on the fast time scale (nanosecond to picosecond), except for the loop
regions and certain helixhelix connections. Although rigid in deoxy-Hb £146His has been found to

be free from restriction of its backbone motions in the CO form, presumably due to the rupture of its
hydrogen bond/salt bridge network. We now have direct dynamics evidence for this structural transition
of Hb in solution. While remarkably flexible in the deoxy state1Arg ands123Thr, neighbors in the
intradimer €uf1) interface, exhibit stiffening upon CO binding. These findings imply a roleof®t Arg
and(123Thr in the intradimer communication but contradict the results from X-ray crystallography. We
have also found that there is considerable flexibility in the intradiragf) interface (i.e., B, G, and H
helices and the GH corner) and possible involvement of several amino acid residues3(eAgg, 53Leu,
B41Phe 123Thr, and3146His) in the allosteric pathway. Several amino acid residues at the intradimer
interfaces, such g8109Val, appear to be involved in possible conformational exchange processes. The
dynamic picture derived from the present study provides new insights into the traditional description of
the stereochemical mechanism for the cooperative oxygenation of Hb A based on X-ray crystallographic
results.

Hemoglobin is an indispensable protein of vertebrates andDickerson and Geislj. The arrangement of the subunits
is the classic molecule for understanding the structural basis(i.e., quaternary structure) of Hb depends on the ligation state
of a complex set of cooperative, linked interactions. The of the protein. Two classical quaternary structures are the T
oxygenation of hemoglobin is regulated by interactions (tense) form for the low-affinity deoxy-Hb and the R
between its @binding sites (homotropic interactions) and (relaxed) form for the high-affinity oxy-Hb (crystals grown
interactions between individual amino acid residues in the in high salt conditions), first reported by Peru®.(There
protein molecule and various solutes (heterotropic interac- are two distinct types of subunit interfaces,3; or a3,
tions). Heterotropic effectors include hydrogen ions, chloride (intradimer) andxy3; or auB; (interdimer). On the basis of
ions, CQ, inorganic phosphate, inositol hexaphosphate the crystal structures of ligated and unligated Hb A,dhé,
(IHP),! and 2,3-bisphosphoglycerate (2,3-BPG). Human or o,4; interface undergoes a sliding motion in going from
normal adult hemoglobin (Hb A) has a molecular mass of the deoxy to the oxy state, whereas th§; or a3 interface
~64.5 kDa, consisting of four subunits, namely, two identical remains unchanged during the ligation process. A new
a-chains of 141 amino acids each and two identftahains  quaternary structure in the ligated state, R2 (crystals grown
of 146 amino acids each. For a review on hemoglobin, seein low-salt conditions), was observed by Silva et &), &nd
more recently, the R2 structure has also been observed under
| T This W(f)r||_|< isI ﬁu%%olrael_dog)gggsseargh grants from the National high-salt conditions4). Kavanaugh et al.5) reported their

titutes of Healt - - . i i i
ns* Address correséondence to thisagutﬁégRlEhg}]Z?12%2-268-3395. crystqllographlc studies on a numbe.r Of. mUtamS with
Fax: 412-268-7083. E-mail: chienho@andrew.cmu.edu. mutations in thgg37Trp cluster and have identified structural

* Present address: Department of Chemistry, Simon Fraser Univer- transitions referred to as T-tandn quaternary transitions, i.e.,
sity, Vancouver, Canada. between the quaternary T structure of wild-type deoxy-Hb

1 Abbreviations: Hb A, human normal adult hemoglobin; HbCO, :
carbonmonoxyhemoglobin: tdeoxy-Hb, deoxyhemoglobin; met-Hb, A and an ensemble of related T-like quaternary structures

methemoglobin; NMR, nuclear magnetic resonariRg;longitudinal that are induced by some mutations in &/ Trp cluster
relaxation rate;R,, transverse relaxation rat& generalized order and/or by exposing crystals of wild-type or mutant deoxy-
parameter; RDC, residual dipolar (?oupllng; NOE, nuclear Overhauserll_”)s to Q. Using residual dipolar coupling (RDC) measure-
effect; IHP, inositol hexaphosphate; 2,3-BPG, 2,3-bisphosphoglycerate; .

HSQC, heteronuclear single-quantum coherence; TROSY, transversé¢ N€Nts, we have found that the solution structure of HbCO

relaxation-optimized spectroscopy. Ais a dynamic ensemble of R and R2 crystal structuégs (
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More recently, we have assigned the polypeptide backbone(~0.8 mM). Thesex- andj-chain chain-specifically labeled
resonances of deoxy-Hb A)and have observed spontane- tetrameric Hb samples were used in all of our relaxation
ous preferential orientation of deoxy-Hb A in solution at high measurements.

magnetic fields, thus allowing us to obtain RDC valu@ks ( 15N Relaxation Measurementghe backboné®N Ry, R,

By comparing the measured RDCs with the calculated RDCs and steady-statéN—{'H} NOE were measured at 11.7 and
(based on the crystal structure of deoxy-Hb A, PDB 14.1 T on Bruker DRX-500 and DRX-600 NMR spectrom-
ID 1XXT), it appears that the solution structure of deoxy- eters at 29 and 34C using 5 mm inverse detection probes
Hb A may also be different from the crystal structure. The equipped with triple-axis pulsed-field gradients. The pulse
functional properties of Hb A in crystals are distinctly sequences of Farrow et akRg 27) were used with minor
different from those in solution9j. This raises a very  maodifications. The carrier frequency for the directly detected
important point, namely, whether the structure of Hb in H dimension was set to the water resonance, with spectral
solution is not the same as that in the crystalline state, or widths of 20.0 ppm for the deoxy samples and 17 ppm for
the crystal structure may be one of many possible structuresthe CO samples at both fields, using digital quadrature
that can exist in solution. Thus, the conformational states (DQD) detection and typical time domain of 2K (1024
(e.g., motion of the polypeptide chains and/or side chains) complex points). The water signal was suppressed using the
of the Hb molecule in solution and in crystals could be 3-9-19 WATERGATE sequence. For the indirectly detected
different. In order to better understand the Hb molecule, we (**N) dimension, the spectral width was typically 25 ppm
need to correlate its structure, dynamics, and function in for the CO samples and 20.6 or 22.8 ppm for deoxy, with
deoxy, oxy, and partially oxygenated states under physi- the carrier at 122 ppm (CO) and at 121 or 118 ppm for deoxy.
ological conditions. The CO-ligated form of Hb Ais a good Typically, 128 time domain points (64 complex) were
model for the oxy form and is considerably more stable, thus acquired in the States mode (with receiver phase inversion).
being more amenable for time-consuming NMR measure- >N R; relaxation rates were measured using eight data points
ments than the oxy form that oxidizes spontaneously over with seven relaxation delays (repeated values marked with
time in solution becoming the nonfunctional methemoglobin *): 0.11, 0.33, 0.66, 1.32*, 2.64, 4.4, and 6.6 s for both
(met-Hb). fields>N R, experiments were performed with 8-relaxation

The development of high-field multinuclear, multidimen- delays (10 data points): 0, 16, 32, 48, 64*, 80, 96, and
sional NMR and isotopic labeling techniques offers a realistic 112 ms for both fields. Boti, andR, measurements were
possibility for determining the structures of proteins of the Performed wih a 3 srecovery delay and typically 32 (at
size of Hb A and their dynamic properties in solutidn &, 141 T) or 48 scans (at 11.7 T). Heteronuclear NOE
10—20). This opens up the possibility of making a direct Measurements were performed using similar spectral param-
comparison between the crystal and solution structures of€ters, except that for théN dimension sometimes the time
Hb A and of correlating the information derived from kinetic, domain was 96, other times up to 140. Typically, the number
thermodynamic, and spectroscopic studies with that obtainedof scans was 96, but up to 144 were used on occasion. The

from studies of structure. Many of the controversial issues NOE experiment employed a 12 s proton saturation period,
discussed above may then be resolved. and the control (no NOE) employed a 12 s delay instead.

NMR relaxation data were processed using NMRP2# (
software on SGI or SUN workstations. The peak heights and
volumes of the cross-peaks were calculated using the
nonlinear least-squares fit (nlinLS) implemented in NM-

In this paper, we describe our results on the polypeptide
backbone dynamics of Hb A in both deoxy and CO forms
based on the Model-free analysi&l( 22) as a first step to
correlate the structure, dynamics, and function relationship _~ .
of this important allosteric protein. We have found some RPipe. . . .
interesting results, and some of them are not predicted by. Analy§|s of Relaxation DataThe backbqne dynamics
crystal structures of Hb A in deoxy and CO forms. For information of Hb was obtained on the basis of the Model-

example, we have found that there is considerable flexibility free formalism, as described by Lipari, Sza_bo, _Qlore, and
in the intradimer @/3: or as3,) interface (i.e., B, G, and H co-workers 21, 22, 29). The order_parameter (simplified term
helices and the GH corner) and possible involvement of of th? square. of th_e generallzeq order pz.aramets%,),
several amino acid residues (e @31Arg, f3Leu, 41Phe describes the amphtude of 'the internal picosecond to
B123Thr, andB146His) in the alloste;ic patﬁway Tv(/o nanosecond motions of a particular bond vector and ranges
residuesp31Arg and its neighbof3123Thr, exhibit interest- from & = 0 for a bond vector rapidly and isotropically

ing dynamic behavior and suggest that they play a role assar?plmghmultéple orlentattégns tf f:'tt 1dft())r no“mttern(;ild
cementing and communicating connectors between the twoM© |or1. € order parametsf can pe fitted by an ‘extende
intradimer fu: andayy) subunits. model” from the NMR spectral density functions at the

Larmor frequencies for certain spins, N, 13C, etc.),
MATERIALS AND METHODS J(w), as

Hb A SamplesUniformly (2H,%N) labeled recombinant Ao) = of S, (1- 897, N (8% — 7',
Hb A was expressed and purified as described previously 5 2 12 12
(23, 24). Two types of chain-specifically labeled hemoglobin o1+ (@7)" 1+ (07 1+ (079 (1)
samples, namelypflabeled)(-unlabeled) ando-unlabeled)-

(B-labeled), each in the deoxy or CO form, were prepared wheret's = tt/(tf + Tm), T's = TsTn/(Ts + Tm), With 7y as

by the procedures used in our laboratd®, 25), equilibrated the isotropic rotational correlation time of the molecule,
with 0.1 M sodium phosphate buffer at pH 7.0 in 90% water andzsas the effective correlation times for internal motions
and 10% DO, reaching a final Hb concentration of 5% on a fast time scaler{ < 100—200 ps) and slow time scale
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Table 1: Isotropic, Axially Symmetric, and Fully Anisotropic Diffusion Parameters Determined for Deoxy and CO (in Parentheses) Forms of
Hb Using R1R2_Diffusion(l) and Quadric_1.11¢l)

deoxy (CO) tensor field (T) Teeff = (6Diso) "1 (NS) D,/(Dx+ Dy) D,/Dy
29°C | isotropic 11.7 32.74 0.05 (32.00+ 0.06)
141 31.62+ 0.05 (30.68+ 0.06)
axial 11.7 32.7H 0.05 (32.07+ 0.06)  1.09+ 0.01 (1.07+ 0.01)
141 31.65+ 0.05 (30.75+ 0.06) 1.12+0.01 (1.11+ 0.02)
I isotropic 11.7 32.93t 0.05 (32.06+ 0.06)
141 31.92+ 0.05 (30.79+ 0.06)
axial 11.7 32.98+ 0.05 (32.13+ 0.06) 1.10+ 0.01 (1.08+ 0.01)
141 31.89+ 0.05 (30.84+ 0.06) 1.11+0.01 (1.13+ 0.02)
anisotropic 11.7 32.9% 0.06 (32.15£ 0.07)  1.09+ 0.01 (1.07+ 0.01)  1.064 0.01 (1.04+ 0.01)
141 31.94+ 0.06 (30.80+ 0.06) 1.114+ 0.01 (1.14+ 0.02) 1.05+ 0.01 (1.04+ 0.02)
34°C isotropic 11.7 28.9@- 0.03 (27.91+ 0.05)
141 28.04+ 0.03 (27.58+ 0.04)
axial 11.7 28.80t 0.03 (28.02+ 0.05) 1.10+ 0.01 (1.05+ 0.01)
141 28.08+ 0.04 (27.69+ 0.04) 1.114+ 0.01 (1.06+ 0.01)
I isotropic 11.7 29.05t+ 0.04 (27.96+ 0.05)
141 28.27+ 0.04 (27.63+ 0.04)
axial 11.7 28.94+ 0.03 (27.98+ 0.05) 1.10+ 0.01 (1.06+ 0.01)
14.1 28.28+ 0.04 (27.70+ 0.04) 1.12+ 0.01 (1.10+ 0.01)
anisotropic 11.7 28.94 0.04 (28.05+ 0.06) 1.10+ 0.01 (1.05+ 0.01) 1.01+ 0.01 (1.04+ 0.01)
14.1 28.274 0.04 (27.71+ 0.05) 1.12+ 0.01 (1.09+ 0.01) 1.01+ 0.01 (1.01+ 0.01)

@ Principal components only.

(tr < 7s < Tm), respectively S = $2S? is the square of the We have applied the statistical approach, as described by
generalized order parameter, datlandS? are the squares  Mandel et al. 83), to assign the best motional model for
of the order parameters for the internal motions on the fasteach amino acid residue. Most residues can be fitted
and slow time scales. The spectral density functions are satisfactorily. For each residue not fitted well by any of the
computed from the experimental relaxation paramefys,  five models, the model with the minimum sum of squared
R., and NOE, by 80) errors (SSE) between the dynamic model and the experi-
mental data was use@%).

A complete listing of our relaxation data for deoxy- and
carbonmonoxy-Hb A at 11.7 and 14.1 T and at 29 and 34
°C is given in Supporting Information.

Diffusion parameters were determined independently by
two different programs, R2R1-Diffusion3¢) and Quad-
ric_diffusion 1.11 87). Three-dimensional crystal structures
of Hb A [PDB IDs 1A3N @38) and 1BBB )] were used for
deoxy- and carbonmonoxy-Hb A, respectively. All residues
with NOE <0.65 and significantly deviatinB,/R; andR;R
values 89) were excluded from the analysis.

R, = (d%4)[J(w, — wy) + 3)(wy) +
6J(wy + wy)] + I(wy)

R, = (d¥8)[4J(0) + J(wy, — wy) + 3)(wy) + 6J(w,y) +
6J(wy, + wy)] + (c%/6)[43(0) + 3J(wy)] + Rey

NOE = 1 + (d¥4R))(y /v, )[6J(wy, + wy) —
Hwy — oyl (2)
whered = ‘Ltoh’}/x)/HEXH73M(8ﬂ2), c= a)xAO‘/(3)1/2, Uo is the

permeability of free spaceéy is Planck’s constantyy and
yx are the gyromagnetic ratios &fl and the X spin (X=

RESULTS

Uniformly (?H,'5N) chain-specifically labeled deoxy- and
13C or 15N), respectively,rxy is the X—H bond length  carbonmonoxy-Hb A samples were prepared as 5% solutions
[rne = 1.02 A (31) was used in our analysis], amtls = (~0.8 mM) in aqueous phosphate buffer. The polypeptide
oy — on is the chemical shift anisotropy in an axial symmetric backboné>N Ry, R, and steady-statéN—{*H} NOE were
system of the X spinfo = —172 ppm 82) was used for =~ measured at 11.7 and 14.1 T at 29 andG4The backbone
15N in our analysis]. dynamics information of Hb A was obtained on the basis of
The Model-free program version 4.183j was used in  the Model-free formalism&, the square of the generalized
our backbone dynamics analysis. This program uses Monteorder parameter, describes the amplitude of internal pico-
Carlo simulations to estimate uncertainties in the Model- second to nanosecond motions for a particular bond vector
free parameters and helps to assign appropriate models foand ranges fron$ = 0, for a bond vector rapidly sampling
different residues according to a statistical protocol including multiple orientations, to = 1, for no internal motion.
the F-test 33, 34). Five subsets of the above extended model Diffusion parameters., 2D/(Dx + Dy), and D«/Dy were
are provided for model selection, with reduced number of determined independently by two different programs, R2R1-
parameters under certain conditions (as in the parentheses)Piffusion (36) and Quadric_diffusion 1.1B7) (see Materials
1)S=%(F%=1,11—0,7s=0); (2) F =, 1e = 17, and Methods for details).
(Fs=1,7s=0);(8)F =3, Ry, (Ss=1,71=0,7s=0); Diffusion Analysis.The principal components of the
W) S=F17e=7,Rx (=1,7=0); 5) &, & 1. = diffusion tensors are summarized in Table 1. The values of
7s, (tr — 0). In the models withRes, nonzero chemical the relaxation parameters,= (6Diso) %, 2D/(Dx + Dy), and
exchange contributions to tHe relaxation rates are con- D,/Dy, obtained from different methods, are essentially
sidered. identical. There is an apparent and expected temperature
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FiGURE 1: Order parameterss) of amide N-H bonds in Hb at 29C.

effect on the tumbling timer., with shorterz, at 34 °C the other hand, some residues, such as T39 and G59 in the
(27.5-29 ns) than that at 29C (31.5-33 ns). Slightly but o-chain and F37, T38, V134, and A135 in thechain, are
uniformly, under the same conditions, values for HbCO consistently very rigid in all cases.
A are shorter than those for deoxy-Hb A; also slightly but ~ Besides the common hetitoop contrast in both the deoxy
uniformly, for the same sample, values measured at the and carbonmonoxy forms of Hb A, certain amino acid
higher field (14.1 T) are shorter than those at the lower field residues demonstrate differential rigidity with and without
(11.7 T), when other experimental conditions are identical. CO binding (Figure 1). Two neighboring residues at the
The anisotropy ratios, 2/(Dx + D,), are around 1.10, intradimer (31 or ouf;) interface,a31Arg andf123Thr,
showing slight rotational anisotropy of Hb, with no signifi- exhibit the most dramatic mobility change due to CO binding,
cant variation for different forms and conditions. with greatly increased rigidity in the carbonmonoxy form,
Model-Free AnalysisAs seen in Figure 1, deoxy-Hb A compared to that in the deoxy form, at both 29 and®G4
and HbCO A share similar backbone mobility distribution To a lesser degree, the motion at resi@68Gly is also more
profiles, where the amide NH bonds of most amino acid restricted in HbCO A. On the contrary, residyes46His
residues are rigid, except for the loop regions. The CE loop andf3Leu (not shown in Figure 1 but shown in Supporting
(F43—G51), EF loop (H72A79), and GH loop (L113 Information) become more flexible in the CO form than in
F117) in theo-chain and the CD loop (E43549), EF loop the deoxy formp341Phe is among the most mobile residues
(H77—T84), and GH loop (F118F122) in thes-chain are in HbCO A. Unfortunately, no comparable dynamics infor-
apparently more mobile than the neighboring helical regions. mation for 341Phe is available for the deoxy form, as this
There is no loop structure between the A and B helices. residue does not give rise to an observable signal.
However, the residues close to the-B connection, V17 According to the Model-free formalism, they terms in
G22 in thea-chain and V18-D21 in theS-chain, exhibit models 3 and 4 are indicators of slow (microsecond to
great flexibility, comparable to any of the loop regions. On millisecond time scale) conformational exchange processes.
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FIGURE 2: Rex terms from Model-free analysis for deoxy-Hb A and HbCO A at°84 Possible chemical exchange processes are implied
at amino acid residues after 100, including the most dranfi@9Val.

We report theRex terms obtained for our Hb samples in C-terminus 145Tyr, 5146His, etc.) of thegg-chain during
Figure 2. In both deoxy- and CO-ligated stajgs)9Val has the cooperative oxygenation process of Hb A.

very highRex values at both 29 and 3€, but the magnitudes CO-Induced Stiffening 0631Arg and 8123Thr at the

of Rex terms for this residue are significantly modified after Intradimer (@3 - -
L . ; . 1 Or 0202) Interfaces.The intradimer ¢,5:1
CO binding. The amino acid residues after 100, close to the or auf,) interfaces can no longer be considered merely

C-terminus, apparently nedtl, terms in fitting more than passive parts of the allosteric machinery of Hb, a result of

do other parts of the protein molecule, implying possible recent experimental and computational evidence as to their

slow time scale dynamic events at the GH corners and H . o :
helices of both chains. These regions are not at the interdimerrOIeS in the allosteric signal transductiati(-47). Although

(0uf2 Or 0f31) interfaces but instead at the intradimesf, the mde.cu'ar dynamics ?im“"".‘“"” by Ramada;s and Ritkin
or ayf) interfaces, which were previously considered a (42) implied that a frozen intradimengf, or opB,) interface
rigidly packed regic,m in the Hb structure. can block the hemeheme communication within thegs

dimer, X-ray crystallography results indicate no flexibility
DISCUSSION in this so-called “subunit packing” region. Specifically, the
“cementing” residuep31Arg, according to X-ray crystal-

Mpb'"ty Change 0B146His and the Interdimer “Switch™ lography is involved in a very stable interaction network with
Region.As discussed above, the backbone order parameterneighboring8122Phe an@127GIn. The triangle formed by
< reflects the degree of mobility of the amide-M bond. :

. : o these three residues, along with other subunit-crossing
For example, as the C-terminal residgd46His displays ) . . . :
high rigidity in deoxy-Hb A, with ordeﬁarameter values 'Mteractions mvolw_ngﬂBOArg, all?Phe, andal22His,
comparable to the helical parts of the protein (Figure 1). The cpntrlbutes to the tight G-H-B packing of tlap; or azf.
restricted mobility of3146His can be explained because in dimer (L, 41, 46, 48, 49). In our present study, the order
the T state of Hb,8146His is involved in two strong Parameter values for the amide-M bonds ofa31Arg and
interactions with neighboring residues, e.g., a salt bridge to ©n€ of its neighboring residues at the beginning of/ifte
040Lys and an H-bond t894Asp (L, 40). B146His isakey  helix, 5123Thr, are consistently low in deoxy-Hb A at both
residue in the so-called switch region at the interdingf 29 and 34C, showing great flexibility for these two residues.
or aZﬂl) interfaces. As one of the important events during This observation |mp||eS that one of the two “CIinChing bolts”
the allosteric transition of Hb from the T to R state, a dimer ~ at the intradimer interfaces is loosened in the deoxy (T) state
dimer rotation unlockg$146His from both salt bridge and  in solution. Interestingly, this finding contradicts the X-ray
H-bond interactions with its neighbor¥)( As a consequence, ~ crystallography results for deoxy-Hb A. Then, according to
the order parametefs}) of 3146His amide N-H becomes  the NMR dynamics data (Figure 1), this “loosened bolt” in
as low as that seen for a loop region. This is the first dynamic the deoxy state is tightened after CO binding, as it demon-
evidence to support the removal of interaction at the strates high rigidity in the ligated state.
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Ficure 3: HbCO A at 34°C with the amino acid residues with
significant Rex values colored red. Amino acid residues in the G
and H helices of botlw- and S-chains are possibly involved in
chemical exchange processes.

aMArg

&
o B123Thr

;{ F}
FJ
l’.u,JRQ'
) ko
O S

p

B123Thr

o

p127GIn

FiIGURE 4: Residuesa31Arg and 123Thr are shown at the
intradimer ¢u31 or apf37) interface of Hb A. The amide NH bonds

of these two amino acid residues exhibit unusual flexibility in
deoxy-Hb A, but both become rigid in HbCO A.

A high-resolution crystal structure of deoxy-Hb A (PDB
ID 1A3N) (38) shows a tightly packed “hot-dog” picture of
the a31Arg side-chain arm and a groove in thesubunit
formed by 122Phe, 5123Thr, f124Pro, 3125Pro, and
p127GIn (Figure 4). There is an H-bond betweeBilArg
andf122Phe and an H-bond betweeB1Arg ands127GlIn,
according to X-ray crystallography. From our result, the
unusual mobility of this region occurs at wheoS1Arg
contactg3123Thr and two prolines324Pro ang125Pro).
The flexibility of a31Arg andf123Thr is possibly due to
the motion of the3-H helix at its beginning end, where the
proline twins are located. An alternative explanation is the
absence of H-bonds involving31Arg in the solution, as it
is possible that the solid packing in the crystal form

Song et al.

o122His, a member of this second intradimer triangle locking
region, along witte103His, has been found to be structurally
more stabilized in the R state than the T state by solvent
exchange methods, implying a dynamic variation of certain
degree, though less significant than in t&LArg—/£123Thr
case 50, 51). For this second triangle network, as for the
first one involving a31Arg and123Thr, X-ray crystal-
lography gives no evidence of the removal of surrounding
interactions (H-bond or salt bridges) afl22His in the T
state 48). a31Arg andf30Arg are at the far ends of the
distal heme pockets of the-chain andgs-chain, respectively.
As previously mentioned, the distal pocketswf and 3-
chains are found to be not identical in many aspects,
including their ligand accessibility, cavity size in the T state,
and the strengths of their H-bonds to the ligands in the R
states 2, 25, 45 52). The loose-rigid switch of the
a31Arg—123Thr region during the ¥R transition suggests
that the ligand binding at thew-subunit might induce a
tightening lock of the same dimer- and S-subunits at the
o31Arg—123Thr site, thus initiating intradimer signal
transduction from the distal side of theheme pocket. This
observation provides support to the intradimer sequential
cooperativity during Hb allostery.

Comparison of BValues with Crystallographic B-Factars
In the present study, we have observed no apparent correla-
tion between the amide NH order parameters and the
B-factors for backbone nitrogen atoms, except that a minor
inverse correlation is seen in the N- and C-terminal residues
as well as some of the loops connecting helices. As has been
suggested33), the varying degrees of inverse correlation
betweenS values andB-factors arise mainly from the
insensitivity of the order parameters to translational displace-
ments. In fact, since the frequency of Larmor precession of
nuclei matches only the frequencies of rotational motions,
the faster processes including bond vibrations do not affect
the order parameter. A plot comparing the crystallographic
B-factors of Hb A and the NMR order parameters obtained
at 29°C can be found in Figure 3S (Supporting Information).

Mobility Change at thex-C Terminus upon CO Binding.
Amino acid residues after 138 at the C-terminus of the
a-chain in HbCO A are not visible in the HSQC and TROSY
spectra $3). Thesea-C-terminal residues, however, have
normal peak intensities in the spectra of deoxy-Hb A and
demonstrate high rigidity fon139Lys anda140Tyr, ac-
cording to Model-free analysis (Figure 1). TheC terminus
of Hb is near the so-called “flexible joint” area at the
interdimer interface and is surrounded by several H-bonds
and salt bridges in deoxy-Hb Al). The disappearance of
the NMR signals of these residues in the CO form might be
due to their flexible state, a consequence of the breaking of
the H-bonds and salt bridges during the-T R allosteric
transition ). Such an interpretation is supported by the
B-factor plot, as shown in Supporting Information, depicting

sometimes can generate extra close contacts between amina sharp increase of thigfactor for residues past 138 (Figure
acid residues, simulating an H-bond. No matter what actually 3S).

contributes to the mobility contrast in this region before and
after ligand (CO) binding, this observation implies that

Conformational Exchange at G and H Helices Implied by
Rex Terms.A nonzeroRe, term obtained from Model-free

certain signal transduction or energy distribution crosses theanalysis is not solid evidence for the conformational ex-

intradimer interface during the allosteric transition of Hb.

On the contrary, as an element in another “cementing unit”

of the intradimer assemblB30Arg shows consistently high
backbone rigidity in both deoxy and CO forms. However,

change process. However, the significantly laRyevalues

of certain residues, such g&l09Val, and the frequent
occurrence of nonzer®&., terms among the amino acid
residues after 100 imply a high likelihood of slow time scale
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(microsecond to millisecond) motions in the G and H helices. interesting dynamic behavior and may suggest that they can
Interestingly, these residues are not at the FG corner or Cplay a role as cementing and communicating connectors
helices where the interdimer hinge areas (so-called “joint” between the two intradimero{3: and ay82) interfaces.
and “switch” regions) are located, but are along the in- $146His, a key residue in the allostery of the Hb molecule,
tradimer €8 andayf,) interfaces (Figures 2 and 3). This becomes flexible upon ligation. Thus, further structural and
observation is not sufficient to exclude the existence of dynamic studies of Hb A in solution in conjunction with
certain types of conformational flexibility at the joint and appropriate functional studies will help elucidate the struc-
switch regions, but obviously these motions are invisible to tural, dynamic, and functional basis for the allostery of this
the Rk indicators. Questions thus arise about whether the interesting protein molecule at atomic resolution.

mobility of the amino acid residues at the interdimer hinge
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the feasibility of using NMR methods to detect this dynamic
event. Figure 1S, order parameter¥) of amide N-H bonds in

Rigidity Fluctuations between Deoxy- and Carbonmonoxy- Hb at 34°C; Figure 2SRex terms derived from Model-free
Hb A. Our results show that the order paramet& ¢f the ~ analysis for deoxy-Hb A and HbCO A at 2€; Figure 3S,
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of variation upon CO binding but fluctuate slightly within a order parameters (open circles, obtained at°29 [top,
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solvent factors, could also affect the general entropy level. amide**N in HoCO A; Table 3S, amino acid residues in Hb
Adding to this complexity, the paramagnetic environment A selected for correlation time determination. This material
at the heme sites could also alter the relaxation propertiesis available free of charge via the Internet at http:/
of the spin systems, leading to extra errors in the entropy pubs.acs.org.
estimation.

Finally, we need to emphasize that in the above discussionsREFERENCES
about the mobility of Hb amino acid residues, we mean the 1 pickerson, R. E., and Geis, I. (1988)emoglobin: structure,
motion of the protein backbone, as characterized by the function, evolution, and pathologyBenjamin-Cummings, Menlo
amide N-H bonds. This is, in fact, a convenient simplifica- Park, CA. . , .
tion. The side chains of the amino acid residues can act very 2. Eaegzdg'l\gb;N&ﬁzg)zg’ée;ggfg%rg"s”y of cooperative effects in
dlffe_rently in thelr dy_namlc behaviors, with much lower 3.Silva, M. M., Rogers, P. H., and Amone, A. (1992) A third
barriers for their motions, compared to structurally more quaternary structure of human hemoglobin A at 17 A resolution,
constrained polypeptide backbone®l)( Thus, biological J. Biol. Chem. 26,717248-17256.
processes that do not affect the rigidity of protein backbone 4. Safo, M. K., and Abraham, D. J. (2005) The enigma of the liganded

S . . . hemoglobin end state: a novel quaternary structure of human
scaffold may still significantly perturb the side-chain motions carbonmonoxy hemoglobirBiochemistry 448347-8359.

(57). To achieve a complete correlation between dynamics 5. kavanaugh, J. S., Rogers, P. H., and Arnone, A. (2005) Crystal-
and Hb functions, a thorough investigation of side-chain lographic evidence for a new ensemble of ligand-induced allosteric
dynamics of Hb is necessary. transitions in hemoglobin: the T-tom§, quaternary transitions,

. . . Biochemistry 446101-6121.
In conclusion, our present NMR studies of the polypeptide 6. Lukin, J. A.. Kontaxis, G., Simplaceanu, V., Yuan, Y., Bax, A.,

backbone dynamics of Hb A in both deoxy and carbonmon- and Ho, C. (2003) Quaternary structure of hemoglobin in solution,
oxy forms have provided new information regarding the Proc. Natl. Acad. Sci. U.S.A. 10817-520.

structural and dynamic properties of this protein not available 7 Sahu, S. C., Simplaceanu, V., Ho, N. T., Giovannelli, J. L., and
Ho, C. (2006) Backbone resonance assignment of human adult

fr_om the treditional crystal structures. There are clear hemoglobin in the deoxy forml. Biomol. NMR 361.

differences in the backbone dynamics between the deoXy g sahy,’s. C., Simplaceanu, V., Gong, Q., Ho, N. T., Glushka, J.
and carbonmonoxy forms in several regions of the Hb G., Prestegard, J. H., and Ho, C. (2006) Orientation of deoxyhe-
mo'ecu'e, especia”y in the intra- and interdimer interfaces. moglobin at high magnetic fields: structural insights from RDCs

; ; : in solution,J. Am. Chem. Soc. 128290-6291.
For exampleq31Arg and5123Thr located in the intradimer 9. Eaton, W. A., Henry, E. R., Hofrichter, J., and Mozzarelli, A.

interface are flexible in the deoxy state, but exhibit stiffening (1999) Is cooperative oxygen binding by hemoglobin really
upon ligation of the Hb molecule. These two residues exhibit understoodNat. Struct. Biol. 6351—-358.



6802 Biochemistry, Vol. 46, No. 23, 2007

10

11.

12.

13.

14.

15.

16.

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Withrich, K. (2003) NMR studies of structure and function of
biological macromolecules (Nobel Lecturéjngew. Chem., Int.
Ed. 42 3340-3363.

Gardner, K. H., and Kay, L. E. (1998) The use?df 1°C, 1°N
multidimensional NMR to study the structure and dynamics of
proteins,Annu. Re. Biophys. Biomol. Struct. 2B57—406.
Simplaceanu, V., Lukin, J. A., Fang, T.-Y., Zou, M., Ho, N. T.,
and Ho, C. (2000) Chain-selective isotopic labeling for NMR
studies of large multimeric proteins: application to hemoglobin,
Biophys. J. 791146-1154.

Yuan, Y., Simplaceanu, V., Lukin, J. A., and Ho, C. (2002) NMR
investigation of the dynamics of tryptophan side-chains in
hemoglobins,J. Mol. Biol. 321 863-878.

Kern, D., and Zuiderweg, E. R. (2003) The role of dynamics in
allosteric regulationCurr. Opin. Struct. Biol. 13748-757.
Palmer, A. G., Ill (2004) NMR characterization of the dynamics
of biomacromoleculesChem. Re. 104 3623-3640.

Gong, Q., Simplaceanu, V., Lukin, J. A., Giovannelli, J. L., Ho,
N. T., and Ho, C. (2006) Quaternary structure of carbonmonoxy-
hemoglobins in solution: structural changes induced by the
allosteric effector inositol hexaphosphaséychemistry 455140—
5148.

. Pervushin, K., Riek, R., Wider, G., and Wuthrich, K. (1997)
Attenuated 7 relaxation by mutual cancellation of dipole-dipole
coupling and chemical shift anisotropy indicates an avenue to
NMR structures of very large biological macromolecules in
solution,Proc. Natl. Acad. Sci. U.S.A. 942366-12371.

Sui, X., Xu, Y., Giovannelli, J. L., Ho, N. T., Ho, C., and Yang,
D. (2005) Mapping protein-protein interfaces on the basis of proton
density differenceAngew. Chem., Int. Ed. 45141-5144.

Wider, G., and Wihrich, K. (1999) NMR spectroscopy of large
molecules and multimolecular assemblies in solut@um;r. Opin.
Struct. Biol. 9 594-601.

Yang, D. W., Zheng, Y., Liu, D. J., and Wyss, D. F. (2004)
Sequence-specific assignments of methyl groups in high-molecular
weight proteins,J. Am. Chem. Soc. 128710-3711.

Lipari, G., and Szabo, A. (1982) Model-free approach to the
interpretation of nuclear magnetic resonance relaxation in mac-
romolecules. 1. Theory and range of validify,Am. Chem. Soc.
104, 4546-4559.

Lipari, G., and Szabo, A. (1982) Model-free approach to the
interpretation of nuclear magnetic resonance relaxation in mac-
romolecules. 2. Analysis of experimental resultsAm. Chem.
Soc. 104 4559-4570.

Shen, T.-J., Ho, N. T., Simplaceanu, V., Zou, M., Green, B. N.,
Tam, M. F., and Ho, C. (1993) Production of unmodified human
adult hemoglobin ifescherichia coliProc. Natl. Acad. Sci. U.S.A.
90, 1085-1097.

Shen, T.-J., Ho, N. T., Zou, M., Sun, D. P., Cottam, P. F.,
Simplaceanu, V., Tam, M. F., Bell, D. A. J., and Ho, C. (1997)
Production of human normal adult and fetal hemoglobins in
Escherichia coli Protein Eng. 101085-1097.

Lukin, J. A., Simplaceanu, V., Zou, M., Ho, N. T., and Ho, C.
(2000) NMR reveals hydrogen bonds between oxygen and distal
histidines in oxyhemoglobinProc. Natl. Acad. Sci. U.S.A. 97
10354-10358.

Farrow, N. A., Zhang, O., Forman-Kay, J. D., and Kay, L. E.
(1995) Comparison of the backbone dynamics of a folded and an
unfolded SH3 domain existing in equilibrium in aqueous buffer,
Biochemistry 34868—-878.

Grzesiek, S., and Bax, A. (1993) The importance of not saturating
water in protein NMR. Application to sensitivity enhancement
and NOE measurements, Am. Chem. Soc. 11%2593-12594.
Delaglio, F., Grzesiek, S., Vuister, G., Zhu, G., Pfeiffer, J., and
Bax, A. (1995) NMRPipe: a multidimensional spectral processing
system based on UNIX piped, Biomol. NMR 6277—293.

Clore, G. M., Szabo, A., Bax, A., Kay, L. E., Driscoll, P. C., and
Gronenborn, A. M. (1990) Deviation from the simple two-
parameter Model-free approach to the interpretation of nitrogen-
15 nuclear magnetic relaxation of proteidls,Am. Chem. Soc.
112 4989-4991.

Abragam, A. (1961frinciples of nuclear magnetisr€larendon
Press, Oxford.

Jeffrey, G. (1992) Accurate molecular structures, their determi-
nation and importance, (Domenicano, A., and Hargittai, |., Eds.)
pp 270-298, Oxford Science Publication, Oxford.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

N

44,

45.

46.

47.

48.

N

50.

52.

53.

2.

9.

Song et al.

Kroenke, C. D., Rance, M., and Palmer, A. G., lll (1999)
Variability of the >N chemical shift anisotropy ifEscherichia
coli ribonuclease H in solutiord. Am. Chem. Soc. 1210119~
10125.

Mandel, A. M., Akke, M., and Palmer, A. G., lll (1995) Backbone
dynamics ofEscherichia coliribonuclease HI: correlations with
structure and function in an active enzynde,Mol. Biol. 246
144-163.

Palmer, A. G., lll, Rance, M., and Wright, P. E. (1991) Intramo-
lecular motions of a zinc finger DNA-binding domain from Xfin
characterized by proton-detected natural abundai@ehetero-
nuclear NMR spectroscopy, Am. Chem. Soc. 118371-4380.
Yao, S., Smith, D. K., Hinds, M. G., Zhang, J.-g., Nicola, N. A.,
and Norton, R. S. (2000) Backbone dynamics measurements on
leukemia inhibitory factor, a rigid four-helical bundle cytokine,
Protein Sci. 9671-682.

Tjandra, N., Feller, S. E., Pastor, R. W., and Bax, A. (1995)
Rotational diffusion anisotropy of human ubiquitin fréfihN NMR
relaxation,J. Am. Chem. Soc. 1112562-12566.

Lee, L. K., Rance, M., Chazin, W. J., and Palmer, A. G., lll (1997)
Rotational diffusion anisotropy of protein from simultaneous
analysis of'®N and*3C nuclear spin relaxatiord. Biomol. NMR

9, 287—298.

Tame, J. R. H., and Vallone, B. (2000) The structures of deoxy
human haemoglobin and the mutant Hb Tyra42His at 120ia
Crystallogr., Sect. D: Biol. Crystallogr. 56Part 7), 805-811.
Kneller, J. M., Lu, M., and Bracken, C. (2002) An effective method
for the discrimination of motional anisotropy and chemical
exchangeJ. Am. Chem. Soc. 124852-1853.

Baldwin, J., and Chothia, C. (1979) Haemoglobin: the structural
changes related to ligand binding and its allosteric mecharism,
Mol. Biol. 129 175-220.

Xu, C., Tobi, D., and Bahar, I. (2003) Allosteric changes in protein
structure computed by a simple mechanical model: hemoglobin
T < R2 transition,J. Mol. Biol. 333 153-168.

Ramadas, N., and Rifkin, J. M. (1999) Molecular dynamics of
human methemoglobin: the transmission of conformational
information between subunits in an ab dim&ipphys. J. 76
1796-1811.

. Tsai, C.-H., Fang, T. Y., Ho, N. T., and Ho, C. (2000) Novel

recombinant hemoglobin, rHb(bN108Q), with low oxygen affinity,
high cooperativity, and stability against autoxidatiBrgchemistry

39, 13719-13729.

Tsai, C.-H., Shen, T.-J., Ho, N. T., and Ho, C. (1999) Effects of
substitutions of lysine and aspartic acid for asparaginglas

and of tryptophan for valine at96 on the structural and functional
properties of human normal adult hemoglobin: rolesugf, and

o2 subunit interfaces in the cooperative oxygenation process,
Biochemistry 388751-8761.

Mouawad, L., Perahia, D., Robert, C. H., and Guilbert, C. (2002)
New insights into the allosteric mechanism of human hemoglobin
from molecular dynamics simulatiorBiophys. J. 823224-3245.
Balakrishnan, G., Tsai, C.-H., Wu, Q., Case, M. A., Pevsner, A.,
McLendon, G. L., Ho, C., and Spiro, T. G. (2004) Hemoglobin
site-mutants reveal dynamical role of interhelical H-bonds in the
allosteric pathway: time-resolved UV resonance Raman evidence
for intra-dimer coupling,J. Mol. Biol. 34Q 857—868.

Levy, A,, Sharma, V. S., Zhang, L., and Rifkin, J. M. (1992) A
new mode for heme-heme interactions in hemoglobin associated
with distal perturbationsBiophys. J. 61750—-755.

Fermi, G., Perutz, M. F., and Shaanan, B. (1984) The crystal
structure of human deoxyhaemoglobin at 1.74 A resolutibn,
Mol. Biol. 175 159-174.

Srinivasan, R., and Rose, G. D. (1994) The T-to-R transformation
in hemoglobin: a reevaluatio®roc. Natl. Acad. Sci. U.S.A. 91
11113-11117.

Mihailescu, M.-R., and Russu, I. M. (2001) A signature of the
T—R transition in human hemoglobifroc. Natl. Acad. Sci.
U.S.A. 98 3773-3777.

. Chang, C.-k., Simplaceanu, V., and Ho, C. (2002) Effects of amino

acid substitutions aff131 on the structure and properties of
hemoglobin: evidence for communication betweeif;- and
of3-subunit interfacesBiochemistry 415644-5655.

Park, S.-Y., Yokoyama, T., Shibayama, N., Shiro, Y., and Tame,
J. R. H. (2006) 1.25 A resolution crystal structures of human
haemoglobin in the oxy, deoxy and carbonmonoxy forins/ol.

Biol. 360, 690-701.

Lukin, J. A., Kontaxis, G., Simplaceanu, V., Yuan, Y., Bax, A.,
and Ho, C. (2004) Backbone resonance assignments of human



Backbone Dynamics of Deoxy- and Carbonmonoxy-Hb A

54.

55.

56.

57.

58.

59.

adult hemoglobin in the carbonmonoxy forgh, Biomol. NMR

28, 203-204.

Mueser, T. C., Rogers, P. H., and Arnone, A. (2000) Interface
sliding as illustrated by the multiple quaternary structures of
liganded hemoglobinBiochemistry 3915353-15364.

Yang, D., and Kay, L. E. (1996) Contributions to conformational
entropy arising from bond vector fluctuations measured from
NMR-derived order parameters: application to protein folding,
J. Mol. Biol. 263 369-382.

Akke, M., Bruschweiler, R., and Palmer, A. G., Ill (1993) NMR
order parameters and free-energn analytical approach and its
application to cooperative €abinding by calbindin-D(9k)J.
Am. Chem. Soc. 119832-9833.

Lee, A. L., Kinnear, S. A., and Wand, A. J. (2000) Redistribution
and loss of side chain entropy upon formation of a calmodulin-
peptide complexNat. Struct. Biol. 772—77.

Akke, M., Skelton, N. J., Kordel, J., Palmer, A. G., lll, and Chazin,
W. J. (1993) Effects of ion binding on the backbone dynamics of
calbindin D9k determined b¥N NMR relaxation,Biochemistry

32, 9832-9844.

Bracken, C., Carr, P. A., Cavanagh, J., and Palmer, A. G., llI
(1999) Temperature dependence of intramolecular dynamics of

60.

61.

62.

63.

Biochemistry, Vol. 46, No. 23, 2006803

the basic leucine zipper of GCN4: implications for the entropy
of association,). Mol. Biol. 285 2133-2146.

Fayos, R., Melacini, G., Newlon, M. G., Burns, L., Scott, J. D.,
and Jennings, P. A. (2003) Induction of flexibility through protein-
protein interactions). Biol. Chem. 27818581-18587.
Arumugam, S., Gao, G., Patton, B. L., Semenchenko, V., Brew,
K., and Van Doren, S. R. (2003) Increased backbone mobility in
p-barrel enhances entropy gain driving binding of N-TIMP-1 to
MMP-3, J. Mol. Biol. 327 719-734.

Zidek, L., Novotny, M. V., and Stone, M. J. (1999) Increased
protein backbone conformational entropy upon hydrophobic ligand
binding, Nat. Struct. Biol. 61118-1121.

Loh, A. P., Pawley, N., Nicholson, L. K., and Oswald, R. E. (2001)
An increase in side chain entropy facilitates effector binding:
NMR characterization of the side chain methyl group dynamics
in Cdc42Hs,Biochemistry 404590-4600.

. Song, X.-j., Flynn, P. F., Sharp, K. A., and Wand, A. J. (2007)

Temperature dependence of fast dynamics in prot&icphys.
J. 92 L46-L48.

BI1602654U



