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ABSTRACT. We have applied the residual dipolar coupling (RDC) method to investigate the solution
quaternary structures 8H- and**N-labeled human normal adult recombinant hemoglobin (rHb A) and

a low-oxygen-affinity mutant recombinant hemoglobin, rei®6Val—Trp), both in the carbonmonoxy

form, in the absence and presence of an allosteric effector, inositol hexaphosphate (IHP), using a stretched
polyacrylamide gel as the alignment medium. Our recent RDC results [Lukin, J. A., Kontaxis, G.,
Simplaceanu, V., Yuan, Y., Bax, A., and Ho, C. (20@8)pc. Natl. Acad. Sci. U.S.A. 10617-520]

indicate that the quaternary structure of HbCO A in solution is a dynamic ensemble between two previously
determined crystal structures, R (crystals grown under high-salt conditions) and R2 (crystals grown under
low-salt conditions). On the basis of a comparison of the geometric coordinates of the T, R, and R2
structures, it has been suggested that the oxygenation of Hb A follows the transition pathway from T to
R and then to R2, with R being the intermediate structure [Srinivasan, R., and Rose, G. D.Ri®&94)

Natl. Acad. Sci. U.S.A. 9111113-11117]. The results presented here suggest that IHP can shift the
solution quaternary structure of HbCO A slightly toward the R structure. The solution quaternary structure
of rHbCO@96Val—Trp) in the absence of IHP is similar to that of HbCO A in the presence of IHP,
consistent with rHbCQ@(96Val—Trp) having an affinity for oxygen lower than that of Hb A. Moreover,

IHP has a much stronger effect in shifting the solution quaternary structure of rtt86®a—Trp)

toward the R structure and toward the T structure, consistent with IHP causing a more pronounced decrease
in its oxygen affinity. The results presented in this work, as well as other results recently reported in the
literature, clearly indicate that there are multiple quaternary structures for the ligated form of hemoglobin.
These results also provide new insights regarding the roles of allosteric effectors in regulating the structure
and function of hemoglobin. The classical two-state/two-structure allosteric mechanism for the cooperative
oxygenation of hemoglobin cannot account for the structural and functional properties of this protein and
needs to be revised.

Human normal adult hemoglobin (Hb A)has four relaxed (R), high-affinity structure2). Both types of crystal
subunits, i.e., twat-chains of 141 amino acid residues each structure were obtained from crystals grown under high-salt
and twop-chains of 146 amino acid residues eath The conditions B). Several quaternary structures of ligated
classical X-ray crystallographic structural analyses indicated hemoglobin, in particular in the carbonmonoxy form, have
that there are two distinct quaternary structures, namely, thebeen observed more recently, when crystals are grown under
deoxy or unligated state, represented by the tense (T), low-high- or low-salt conditions. Arnone and co-worked (
affinity structure, and the ligated state, represented by thereported a new R structure, known as the R2 structure, when
HbCO crystals were grown under low-salt and -pH condi-
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. Uﬁir\?grgs'i‘fy Fealth Networc. bovine HbCO is not unique but depends on the crystallization

1 Abbreviations: Hb A, human normal adult hemoglobin; HbCO, conditions. By a comparison of the geometric coordinates
carbonmonoxyhemoglobin; rHb, recombinant hemoglobin; NMR, of the T, R, and R2 structures, Srinivasan and Rage (

nuclear magnetic resonance; RDC, residual dipolar coupling; 2,3-BPG, ; ; ;
2,3-bisphosphoglycerate; IHP, inositol hexaphosphate; BZF, benzafi- concluded that in going from the deoxy to the ligated form’_
brate; TEMED,N,N,N',N'-tetramethylethylenediamine; HSQC, hetero-  the quaternary structure goes from T to R and then to R2;

nuclear single-quantum coherence; TROSY, transverse relaxation-i.e., R is the intermediate state. More recently, two additional
optimized spectroscopy; SYD, singular-value decomposition; rmsd, X-ray quaternary structures termed R3 and RR2 have been
root-mean-square deviatioD;, alignment tensoiPso, partial pressure . . .

of oxygen at 50% saturatiomso, Hill coefficient at 50% oxygen found in the family of ligated Hb A structures by_Safo and
saturation. Abraham 8). They found that the R3 structure is an end

10.1021/bi052424h CCC: $33.50 © 2006 American Chemical Society
Published on Web 04/01/2006



Quaternary Structures of HbCO A with and without IHP Biochemistry, Vol. 45, No. 16, 2006141

state and exhibits a quaternary structure difference from theMATERIALS AND METHODS
T structure as large as that of the R2 structure from the T
structure, but in a different direction, as defined by a rigid-
body screw rotation, while the RR2 structure is described X . .
as an intermediate conformation between the R and RZand15N-IabeledoL-cha|n combined with unlabeled normal

structures. By measurit§N—1H residual dipolar couplings B-chain and unlabeled-chain combined.witHH- ar_1d15N-
(RDCs) of HbCO A in two different aqueous liquid crystal- labeleds-chain, were prepared as described by Simplaceanu

. : P . _etal. 20). rHb(c96Val—=Trp) was expressed using pHE202
Il'ne media, phospholipid bicelles and filamentous bacte in Escherichia coldM109 (L5). The chain-specifiéH- and
riophage Pf1, we have found that the quaternary conforma- 15N-labeled-rHbCOE96Val-Trp) samples (i.e.2H- and
tion of HbCO A in solution is a dynamic ensemble of the 15N-labeled mutatedo-chain Eombingd with unlabeled
two previously determined crystal structures R (crystals

grown under high-salt conditions) and R2 (crystals grown nqrmzal ﬂ-chal|5n and unlabeled mutaFedchaln combmeq
under low-salt conditions)gj. with 2H- and*N-labeled normap3-chain) were prepared in

) i ) a manner similar to that for the rHbCO A samples.
Itis known that allosteric effectors, such as hydrogen ions, Alignment Medium Using a Stretched Polyacrylamide Gel.
chloride ions, and organic phosphates, e.g., 2,3—bisphospho-O

C ok ne milliliter of a 3.75% polyacrylamide gel was prepared
glycerate (2,3-BPG) and inositol hexaphosphate (IHP), py miving 125,L of 30% acrylamide (1:37.5 bisacrylamide

modulate the oxygen affinity of hemoglobift)( The effect by weight), 865uL of H,O, 10 uL of 10% ammonium

of 2,3-BPG and IHP (in particular the latter) on the oxygen persulfate, 'and 0.8L of N,l\i,N',N’—tetramethylethylenedi—
affinity of I—_Ib A is pronounced. A_rnonel()) reported that _ amine (TEMED). Immediately after mixing, 4QfL of the
2,3-BPG binds to the central cavity of the Hb molecule in - g4 tion was pipetted into a Teflon gel chamber (6 mm inside
the deoxy form, specifically t¢Vall, fHis2, fLys82, and  giameter, New Era, Vineland, NJ) sealed at one end with
pHis143, and thus stabilizes the deoxy quaternary form and Parafilm, and 4560 min allowed for polymerization. The

lowers the oxygen affinity. Amone and PerutAfreported 4| yas then gently transferred to distilled water and washed
that IHP also binds to the central cavity of the deoxy-Hb A 5, o3 days. Then, it was allowed to dry in air until most

molecule, specifically at amino residuglis2, fLys82, of the water had evaporated and the gel had shrunk in size.
BAsSp139, andfHis143. There are no structural data on The gel was then carefully moved back to the Teflon gel
HbCO A in the presence of IHP. According to Amone and champber. An excess amount of 45Q of a concentrated
co-workers 12), IHP is very disordered in the low-salt hco A solution was added to the gel at the bottom of the
quaternary T crystals, and therefore, they have not modeledrefion chamber. The top end was sealed with Parafilm, and
the IHP molecule in itg—4 binding site. Recently, Yonetani  the chamber was incubated vertically in a sealed container
etal. (L3) reported that allosteric effectors, such as 2,3-BPG, fjjled with CO gas at 30C for 7 days to allow the gel to be
benzafibrate (BZF), and IHP, affect only ligation-linked completely rehydrated and the hemoglobin to diffuse evenly.
tertiary structural changes rather than the homotropic ligation- The gel was then loaded carefully into an open-ended NMR
linked T—R quaternary structural transition. It thus appears type (4.2 mm inside diameter) directly from the chamber
that the role of allosteric effectors in the structafanction using a funnel-like mechanical apparatus (New Era). An end
relationShip of Hb A is not fu"y understood. |ndeed, this is p|ug with an O_ring was used to seal the bottom of the open-
an important question not only for hemoglobin but also for ended tube, while the top end was closed with a Shigemi
the field of allostery in general. (Allison Park, PA) microcell plunger. At all times, the sample
A number of studies have been reported in the literature was carefully kept under a CO gas atmosphere to prevent
regarding structural and functional changes induced by IHP contamination with oxygen.
in Hb A and mutant Hbs1(1, 13—18). A common assump- As an alignment medium, a stretched polyacrylamide
tion made in a two-structure allosteric model is that the gel at a fixed concentration yields a 2-fold stronger align-
presence of allosteric effectors shifts the equilibrium to the ment when compressed radially than when compressed
T quaternary structure, thus lowering the oxygen affinity of axially (21). Therefore, radial compression permits the
Hb. There is so far no definitive evidence that the binding use of lower gel concentrations, allowing for more protein
of IHP to Hb A can produce a new quaternary structure of in the sample. A gel with a concentration below 3% is
Hb A in solution, i.e., different from the classical T and R too dilute to maintain enough mechanical strength for trans-
structures. In the work presented here, we have extendeder between the gel chamber and the NMR tube. We have
the use of RDC measuremen® {o determine the solution  found that a gel concentration of-3% is the best choice
structure of HbCO A using a different alignment medium for our Hb samples among the concentrations that we have
and to investigate the quaternary structure of HbCO A in tested (3-8%). The higher gel concentrations resulted in
the presence of IHP. To confirm our hypothesis that IHP excessive line broadening and spectral distortions of the
induces a quaternary structural shift from R2 toward R in NMR spectra.
HbCO A, we have also investigated the solution structure  NMR Experiments and Data Processir@amples in gel
of a low-oxygen-affinity mutant Hb, rHlb©@6Vat—Trp), with were prepared from Hb solutions of typically +.8.0 mM
and without IHP. We have found previously5) that this (tetramer), chain-specifically labeledH;*>N)rHbCO A,
rHb exhibits low oxygen affinity and high cooperativity and prepared as previously described in 0.1 M sodium phosphate
can switch its structure from R- to T-like at @ upon buffer at pH 7.0 and in 90% #D and 10% BO. The actual
addition of IHP, while remaining ligated with CO. The crystal concentration in the gel varied slightly. The samples for the
structures for this rHb in both the ligated and unligated states isotropic spectra were typically 1 mM in tetramer. All spectra
have also been determineti9j. were collected at 35C on a Bruker DRX-600 NMR

Preparation of?H- and*>N-Labeled rHb Sample€£hain-
specific?H- and *N-labeled rHbCO samples, namefy-
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Table 1: Fitted Parameters for HbCO A and rHb@G@96W) in RESULTS
the Presence and Absence of IHP

p—— Alignment of HbCO A Using a Stretched Polyacrylamide

IHP X Xemor DP(HZ) ¢ Rd  p2° (Hz) Gel. For HbCO A, the magnitude of the alignment tensor

. . : o

HbCO A T 052 012 —11.13 88.92 0.016 5356 123 (D) fitted fo_r the 0p_t|mal quaternary structure in a _3.7_5A)
HbCO A + 045 013 -11.62 89.39 0.079 33.79 141  Polyacrylamide gel is=11.13 Hz (Table 1), which is in
rHbCO@V96W) — 0.46 0.13 —12.53 89.50 0.013 20.73 1.61  perfect agreement with the value-6f11.36 Hz measured in

rHbCO@V96W) + 0.20 0.14 —12.14 90.91 0.033 1346 1.58  pjcelles Q). The angle ¢) between the principat-axis of
2 Quaternary coordinate corresponding to the optimal conformation. the alignment tensor and the—fR2 dimer rotation axis
b Magnitude of the alignment tenscrAngle between the principal measured in ge| and bicelles is also similar? @ad 82,

z-axis of the alignment tensor and the<R R2 dimer rotation axis. : P ;
4 Rhombicity of the alignment tensdty? corresponding to the optimal respectively. These results indicate that these two alignment

conformation! Root-mean-square deviation between observed RDCs Media provide a similar alignment frame and the same degree

and calculated RDCs. of alignment.
NMR Investigations of HbCO A and rHbC@y96W).In
Table 2: Oxygen Binding Properties of Hb A and ridb@6W) comparing the HSQC spectra of theand/-chains of chain-
(0.1 mM each) in 0.1 M Sodium Phosphate at pH 7.0 and@5 specific °H- and **N-labeled rHbCO A samples, we have
with and without 0.3 mM IHP observed little significant signal loss or spectral rearrange-
[IHP] (mM) Pso (MmHg) Nso ment upon the binding of IHP, indicating that HbCO A
Hb A 0 18.9 29 largely preserves its normal conformation in the presence
Hb A 0.3 40.0 2.4 of IHP. However, several amino acid residues within the
rHb(aV96W) 0 29.6 2.5 regions of residues-29, 39-42, 78-81, 85-97, and 135
rHb(aVo6W) 03 545 20 137 in theo-chain as well as Leu3, Lys82, Gly83, and

residues 99101 and 138146 in the -chain clearly

spectrometer operating at 14.1 T. Interleaved heteronuclearundergo small chemical shift changes (Figure 1A). By
single-quantum coherence (HSQC) and temperature-carefully tracking these changes in the chemical shifts, we
compensated transverse relaxation-optimized spectroscopyare able to assign the backbone resonances of the complex
(TROSY) measurements in the presence and absence opetween HbCO A and IHP and investigate the quaternary
aligning medium, with and without 3 mM IHP, were structural changes of HbCO A in the presence of IHP. For
collected to measure the one-boF—H splitting (I rHbCO@V96W), most of the peaks in the HSQC spectra
+ 1Dyy). The RDCs of the peaks, which were previously ©f the a- andf-chains at 35C can be superimposed very
assignedZ2), were reasonably well resolved in the HSQC Well on the corresponding peaks of HbCO A, suggesting that
spectra, and correspond to amino acid residues located ifHPCO@V96W) possesses an overall structure very similar

the a-helical regions of the protein, have been chosen to fit © that of I—1|b A, in agreement with our previous one-
the following equation Z3): dimensional'H NMR spectra and X-ray crystal structures

of this rHb (15, 19). However, several peaks in the HSQC
spectra of rHbCQ{V96W) exhibit large chemical shift
changes due to structural changes resulting from the amino
acid substitution at positiom96, as shown in the one-
whereD, and R, are the magnitude and rhombicity of the dimensional®™ NMR spectra and in the crystal structure.
alignment tensor, respectively, and the polar anglaadg These peaks belong to residues located atjfe interface,
describe the orientation of the NH bond vector with respect such asoleul00,5Glul01, and5Argl04 (Figure 1B). It
to the alignment frame. Fits were performed by using has been reported in a previous X-ray crystal structure
singular-value decomposition (SVD) or nonlinear least- investigation that in the R state of this mutant rHb, the newly
squares methods. The uncertainties for the best-fit quaternanjintroducedaTrp96 contacts several of its neighboring amino
structures were estimated by using fitted parameters underacid residues, i.eqlys99, fAsp99, andsGlul01, either
various experimental conditions (Table 1), as described through van der Waals or through oxygesromatic interac-
previously Q). tiogz,g(nd géus)alters the gonf(r)]rmations of tdhese re%idues_ in
Oxygen Binding Properties of Hb A and rtl86Vat—Trp). H aVOBW compare to the corresponding resiaues in
For the Hb A and rHE(98Val—~Trp) [also called rHbCO- HbCO A (19). The shifted resonances that we have observed

i . are consistent with the residues in direct or indirect contact
(aV96W)]_sampIe§ (0.1 mM for each), with and without IHP, with oTrp96. Upon the addition of IHP, additional peak shifts
oxygen dissociation curves were measured by a Hemox

i ; “as well as intensity changes have been observed in the HSQC
Analyzer (TCS MedlcaI_Products, Huntington Valley, PA) spectra of rHbCQ(V96W) in comparison with the spectra
at 35°C in 0.1 M sodium phosphate buffer at pH 7.0. 4t HphCO A (Figure 1C). Several peaks become much broader
Catalase a_nd superoxide dismutase (Sigma) were added (fingly the presence of IHP, implying the existence of multiple
concentrations of 0.3(M) to prevent the formation of  conformations for those amino acid residues. Backbone
methemoglobin. The partial Jpressure at 50% saturation resonances assigned &Thr39, aThr4l, aTyr42, aHis89,
(Pso) (@ measure of oxygen affinity) and the Hill coefficient a1 ys90,0Arg92, aTrp96, anduleul00 either become weak
(nso) at 50% oxygen saturation (a measure of the cooperat-or lose most of their intensity. The significant signal intensity
ivity in the oxygenation process) were determined from each loss for residueg$$90—97 and/140—-146, and the disap-
curve (Table 2). The accuracy for tigo measurements is  pearance of the resonancesA¥frp37, fThr38, 5Glul01,
+5%, and that fonsg is £10%. BAsn102, angbArg104, indicate larger local conformational

Dy =DJ(3 cos 6 — 1)+ %R, sird cos 2] (1)
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Ficure 1. (A) Superposition of HSQC spectra of the HbCQuAchain (left) ands-chain (right) in the absence (red) and presence (blue)
of IHP at 35°C. Some resonances that have an obvious chemical shift change are labeled. (B) Superposition of HSQC spectra of the
a-chain (left) ands-chain (right) of HbCO A (red) and rHbC@¥/96W) (blue) at 35°C. Some resonances that exhibit large chemical shift
changes are labeled. (C) Superposition of HSQC spectra of the rHB@BY) o-chain (left) ands-chain (right) in the absence (red) and
presence (blue) of IHP at 3&. The resonances that either disappear or significantly lose intensity are labeled.

and dynamical changes upon IHP binding infhehain than forthe R state and = 1 for the R2 state. This result is in
in the a-chain of this rHb. perfect agreement with our previous results using bicelles
Effects of IHP on the Structures of HbCO A and rHbCO- and phage Pfl as the alignment media, which show that the
(V96W) Using the coordinates for the dimer subunits actual solution structure of HbCO A is a dynamic intermedi-
derived from the accurate R2 (PDB entry 1BBB) crystal ate, approximately halfway between the R and R2 conforma-
structure of HbCO A, the RDCs measured in a 3.75% tions x = 0.514 0.13 in bicelles) 9). Upon addition of the
polyacrylamide gel have been used to fit a series of allosteric effector, IHP, the minimum of the fitted curve shifts
intermediate quaternary structures generated by reorientingtoward the R structure, i.e., from 0.5920.12 to 0.45+ 0.13.
thea,f, dimer stepwise relative to the 5, dimer along the  The difference between the corresponding best-fit structures
pathway of the R2~ R structure transformation as described in terms ofx is only —0.07.
by Lukin et al. @). By fitting the >"N—*H RDCs obtained We have found from our RDC measurements that in the
by using the HSQC-TROSY method to investigate the absence of IHP, rHbC@{/96W) exhibits a quaternary
structures from R2 to R, we have obtained a parabolic curve coordinate of 0.46t 0.13 (Figure 2C), a value very similar
(reducedy? plotted against the quaternary coordingtevith to that for HbCO A in the presence of IHR € 0.45 +
a minimum atx = 0.52+ 0.12 (Figure 2A), wherex = 0 0.13). Upon addition of IHP to rHib(v96W), the optimal
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49 10l | | | : Table 3: Comparison of Fitted Parameters and rmsds between
_ Measured and Calculated RDCs for the Best-Fit Quaternary
) N Structure of the Low-Affinity Mutant rHi{VV96W) Based on the
las & o ? High-Resolution 1BBB (Hb A) and 1RVWo(vV96W) PDB Crystal
oy = Structures for they3 Dimer Subunits in the Absence and Presence
403 S-10 & of IHP
a7 O B PDB entry IHP D. (Hz) R rmsd (Hz)
20 1BBB — ~12.33 0.004 1.785
84 T T 1BBB + —12.04 0.022 1.643
Observed 'D, (Hz) 1RVW - —-11.81 0.010 2.727
% . 1RVW + —-11.07 0.005 3.179
10
7°x g . merely alters the tertiary structure of the Hb molecule, thus
leo o altering the ligand affinity. This point of view is advocated
© Eg_m gf’ by Yonetani et al. 13). Another possible interpretation is
50 2 o that an allosteric effector can alter both quaternary and
U_ZO_ o D tertiary structures of the Hb molecule, thus altering its ligand
40 affinity. To support the third alternative, we need to find

20

10 out if a new quaternary structure differing from the classical
_ : T and R structures exists in solution and whether this new
FiGURE 2: Comparison of reducegf values of best fits of RDCs  quaternary structure can correlate with the altered ligand

vs quaternary coordinate from R to R2 for HbCO A (A) and - . ;
rHbCOVIBW) (C) at pH 7.0 and 35C. The dashed lines and affinity upon addition of an allosteric effector to the Hb

solid lines are used to highlight the optimum on the parabolic curves Molecule. ,

in the presencea) and absence®) of IHP, respectively. The In this study, we have applied the RDC method to

golfgespagtggg :ptimal Sgautqturefsmfés Kcnlm O;EZDH#thto 0.35;:6 investigate the solution structures of HbCO A and rHbCO-
13in upon addition o . A larger shift from 0. i

0.13 to 0.20+ 0.14 is observed in rHbC@Y96W). Calculated gﬁgg@ﬁlg elfrf]e(t:?:r ;aﬁ;eré)cl:ar l?lrl\]/IdR ?;iigcg es:l ash%OWWﬁ]r;l:I

vs observed RDCs for the best fit of the corresponding optimal . ’ ) . .y

structure in the presence) and absenceX) of IHP are plotted there are obvious local conformational changes in both HbCO

for HbCO A and rHbCQO¢V96W) in panels B and D. Errors for A and rHbCO@V96W) upon addition of IHP. However, the

the observed RDCs, calculated as described by Bax et4)].dre overall structures of both HbCO A and rHbGQ(96W) are

shown as horizontal error bars. The rmsds of the best fits with and ; imilari ; ;
without IHP are 1.41 and 1.23 Hz for HbGO A and 1.58 and 161 preserved as manifested by the similarity of their respective

o 0
Observed DNH (Hz)

Hz for rHbCO@VIBW), respectively. I5N—!H HSQC spectra in the absence and presence of IHP
’ (Figure 1A,C). Due to the absence of a high-resolution crystal
quaternary coordinate is shifted dramatically to 0420.14, structure of HbCO A complexed with IHP, we have used

showing an IHP effect of—0.26. This finding clearly the same series of HbCO A quaternary structures interpolated

demonstrates that rHRY96W) exhibits a new quaternary ~Petween R and R2, which are generated usifigdimer
structure in solution that is displaced away from the R2 and Structures based on the high-resolution R2 (PDB entry 1BBB)
toward the R structure. crystal structure for HbCO A, as a basis for fitting the

Effect of IHP on the Oxygen Affinity of Hb A and rHb- measured RDCs in the presence and absence of IHP, ignoring

- . the small errors brought about by local conformational
(aV96W. Oxygen binding properties of Hb A and rHb- S
(aV96W) measured under the same conditions used for theChangPﬁS cause(?& by IHP binding. Furthermore, the low-
NMR experiments are summarized in Table 2. In 0.1 M resolution (2.5 A) R-state cry;tal structure (PDB entry
sodium phosphate buffer at pH 7.0 and°85 rHb(V96W) 15:{2)’?? of thﬁ !gwr-oglygler;-af?r:ltytr‘rnnutarr]]t er(rVQSV\\//)i tion
exhibits a larger IHP-induced oxygen affinity reduction than € S a considerably larger root-mean-square deviatio
Hb A according to the change P Both Hb A and rHb- (rmsd_) between the measured_and calculated resmlual dlp_olar
(0VIBW) exhibit similar cooperativity changes withso coupl_lngs, Wher_1 compared with the results obtained using
values (a measure of cooperativity of the oxygenation the high-resolution (1.7 A) 1BBB crystal structure of Hb A

: to define the geometry of the individuals dimers (Table
g[gceenscse) gggrgsefsrg;zezg,tlzé'd'r::;egt?vrgli'S t02.01in the 3). Therefore, we have used the same 1BBB-based interme-

diate structures to fit th&®N—'H RDCs of the quaternary
DISCUSSION structure of rHbCQOfV96W). Good agreement has been
obtained between the observed and calcul&tée-*H RDCs
Functional Role of Quaternary Structure Change in for the best-fit structures of both HbCO A and rtdi¥96W)
Hemoglobin.An important but unresolved issue in hemo- in the presence of IHP (Figure 2).
globin research is the precise role of allosteric effectors in  The 3.75% polyacrylamide gel provides an alignment
regulating the structure and function of the protein molecule. frame for our HbCO A sample with the alignment tensor
A two-structure allosteric model would suggest that an magnitude D,) fitted for the optimal quaternary structure
allosteric effector would shift the ¥R equilibrium toward and the calculated angle) between the principa-axis of
the T structure, thus reducing the ligand affinity as suggestedthe alignment tensor and the-fR2 dimer rotation axis in
by the stereochemical mechanism for the cooperative oxy-very good agreement with those previously determined in
genation of Hb first postulated by Perut2).( Another bicelles. Thus, it is not surprising that the studies®i—
interpretation of the role of an allosteric effector is that it *H RDCs using stretched gels exhibit an excellent consistency
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with the analysis of thé®N—H RDCs measured in bicelles.  oxygen affinity reduction in rH(V96W) than in Hb A
The optimum quaternary structures, obtained from the (Table 2).
minimum in the plots of,? versus the coordinate occur On the basis of structural evidence collected using one-
atx=0.524+ 0.12 and 0.51 0.13 for the gel and bicelles, dimensional*H NMR, ultraviolet difference spectroscopy,
respectively, in the absence of IHP. This result validates the ultraviolet circular dichroism spectroscopy, and ultraviolet
choice of the stretched (radially compressed) gel for orienting resonance Raman spectroscopy, Yonetani and co-workers
the hemoglobin molecules, a choice made necessary becausgl 3, 24) reported that the T and R quaternary states of deoxy-
the IHP disrupts the bicelle medium (results not shown). Hb and ligated Hb (oxy- and carbonmonoxy-Hb), respec-
Furthermore, the labeled hemoglobin can be recoveredtively, remain unaltered in the presence of various allosteric
relatively easily from the gel, while it cannot be recovered effectors such as 2,3-BPG, BZF, and IHP. They have
from bicelles. The Pfl phage orients the Hb tetramers along proposed that heterotropic effectors are linked only to tertiary
an axis, which is less favorable for evidencing the quaternary structural changes, supposed to be energetically more
structure change that we are investigating. A small shift significant and primarily responsible for modulation of the
(0.07) toward R of the optimal structure has been observedfunctions of hemoglobin, rather than to the homotropic
in gels upon addition of IHP. The magnitude of the numbers ligation-linked T—R quaternary structural transition. Nev-
associated with the IHP binding effect may not seem ertheless, in addition to the IHP-induced tertiary structure
statistically significant, considering the large fitting error in  change reflected by the chemical shift changes of several
the results. However, in terms of the averaged quaternaryamino acid residues in the HSQC spectra, our study of HbCO
structure, our study shows a clear trend of the structural shift A and rHbCO§V96W) based on RDC data clearly indicates
of HbCO A from the R2 toward the R state in the presence the existence of a quaternary structure change from R2
of IHP, an allosteric effector, which greatly decreases the toward R upon the binding of IHP, which is not consistent
oxygen affinity of hemoglobin. with the conclusion of Yonetani et alL§). Although neither
Comparable to the IHP binding effect (0.52 0.45) the one-dimensiondH NMR study by Yonetani et al1@)

observed for HbCO A, a nearly identical difference (0.52 NOr our multidimensional NMR experiments so far can
— 0.46) is seen for rHbC@{/96W) relative to HbCO A, characte_rlze the tertiary structure change in detall, our
in the absence of IHP. This result indicates that the averaged®PServation of IHP-induced quaternary structure change in
quaternary structure of rHbC@Y96W) may be closer to HbCO A. strongly suggests_that the_ conclusion reached by
the R structure (i.e., shifted toward the T state) than that of Y onetani and co-workers is questionable and/or at least
HbCO A, which is consistent with the lower oxygen affinity Ncomplete. As shown in Figure 2, the best fit of RDCs to a
of this rHb. The corresponding IHP effect on rHbcO- duaternary structure allowed to vary between R and R2
(V96W) is much larger than on HbCO A. Thiex shift of exhibits a quality of fit nearly as goo_d f_or HbCO A in the
—0.26 indicates a more noticeable quaternary structure shiftPresence of IHP (rmse- 1.41 Hz) as in its absence (rmsd

from R2 to R in rHbCO¢V96W) upon the binding of IHP,  — 1.23 Hz). However, both fit$ were performed usjng
consistent with the finding that the amino acid residues structures composed of subunits with identical tertiary

associated with the quaternary structure change in rHbCO-StUctures, taken from PDB entry 1BBB, an X-ray structure

(aV96W) exhibit larger changes in chemical shift and of HbCO A Witho'ﬁ't IHP. This _result suggests '_[ha_t any
changes to the tertiary structure induced by IHP binding are

resonance intensity in the presence of IHP than what we have™ < . e
observed in HbCO A. relatively minor. The_S|gn|f|cantIy larger quaternary §tructure
) change observed in rHbC@Y96W), when considered
We have suggested that multiple quaternary structures ofqgather with the more marked decrease in oxygen affinity
_hemoglo_bin, including end—state—liggted conformati_ons qnd caused by IHP binding (Table 2), suggests that the quaternary
intermediate structures, may coexist under physiological g cture change plays an important role in the regulation of
conditions, each of them contributing to the averaged ihe function of hemoglobin by IHP. This does not preclude
quaternary structure determined as the solution structurey,q possibility that the contribution due to the tertiary
(9). On the basis of this view of the solution structure, our gt ctural changes induced by the mutation at positief
current study further proposes that, under the modulation of 5nq/0r the presence of IHP can alter the oxygen binding
an allosteric effector or site-directed mutagenesis, the properties of this rHb. As mentioned above, an allosteric
contribution of distinct quaternary structures will respond gffect can alter both quaternary and tertiary structures of the
in a fashion such that the population of energetically yp molecule, thus altering its ligand affinity. Additional
favorable structures, e.g., the R structure, increases at th§egearch is needed to ascertain this.
expense of unfavorable structures, e.g., the R2 structure. ajjosteric Pathway in HemoglobifThe transition among
Thus, the solution structure of hemoglobin appears to shift ihe three crystal structures of hemoglobin is not fully
from R2 toward R. understood and is controversial; i.e., botA"TR2 — R and
Overall, the trend of the IHP-induced shift of the quater- T — R — R2 transition pathways have been advocated (
nary structure that we have observed in HbCO A and 25-29). A computational analysis carried out by Srinivasan
rHbCO@V96W) is fundamentally consistent with our previ- and Rose?) has suggested that the-F R — R2 transition
ously determined trend in the changes offlaggvalues under s the more likely allosteric pathway due to the significant
slightly different conditionsX5), where rHbV96W) always geometrical difficulties in the 7>~ R2 — R transition. The
exhibits a more pronounced reduction in oxygen affinity (i.e., *>N—!H RDC analysis, presented here, of hemoglobin based
an increase if’sg) upon IHP binding than Hb A does under on the HSQC-TROSY method indicates that both site-
identical conditions. The oxygen affinity analysis under these directed mutagenesis av96W and the allosteric effector,
experimental conditions at 3% also shows a more evident IHP, cause a slight shift of the time-averaged quaternary
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structure in solution away from R2 and toward R, which is
geometrically closer to the deoxy-T structure as proposed
by Srinivasan and Ros&)(and Mueser et al§). The effect

of IHP on the quaternary structure shift from R2 to R is 04
significantly stronger in rHbC@(v96W) than in HbCO A.
The RDCs collected by using an independent TROSY-based
J-modulated experimenB() also display a similar trend of
the transition induced by IHP in HbCO A and rHbCO-
(aV96W) (results not shown). Kim et allf) also reported
that, in their one-dimensiondH NMR study of rHbCO-
(V96W), the quaternary structure in solution moves to a
structure with a deoxy-likew, 5, interface very similar to the
T-state structure upon the binding of IHP, especially at
low temperature (16C), as evidenced by the appearance of

the T structural marker, the exchangeable resonance at 14 210
ppm, i.e., the intersubunit H-bond betweeyr42 and
BAsp99 in theayS, subunit interface in the T structure of
deoxy-Hb A @, 31). Our current study supports the sugges-

R(1IRD) R2(1BBB)

=4
=]

i

-104

201 A
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tion of Srinivasan and Ros&)(that the R structure is not 20 10 0 10 20 10 0 10

only the geometric intermediate but also the thermodynamic b 1

. : la . . served Dy (Hz

intermediate between two distinct populations of hemoglobin, O NH ( )

R2 and T. Ficure 3: Correlation between observed and calculated RDCs,

o based on the crystal structures R (1IRD), R2 (1BBB), RR2 (1MKO),
Very recently, two additional X-ray quaternary structures and R3 (1YZI). The quality factorsQ) are 14.6, 15.2, 17.9, and

termed R3 and RR2 have been introduced into the family of 26 496, respectively. Errors calculated as described for the observed
ligated Hb A structures by Safo and AbrahaB). (R3 is RDCs are shown.

believed to be an end state that exhibits a quaternary structure

difference from T as large as that between R2 and T, but in changes in experimental conditions. To address this question,
a different direction as defined by a rigid-body screw rotation, Safo and Abrahan8j raise the possibility that R, RR2, R2,
while RR2 is described as an intermediate conformation R3, and other potential ligated forms may have varied
between the R and R2 structures. Two new allosteric affinities for oxygen. Several report8%—38) have supported
pathways suggested by Safo and Abraham; R — RR2 this concept and shown that Hb behaves like a multistate
— R2 and T— R — R3, have further complicated our system. An important question that needs to be addressed is
understanding of Hb allostery. We have applied our RDC how much these R-type structures exist in solution as
method to the structural data on RR2 and R3 and haveindividual structures and exhibit unique functional properties
compared the calculated RDCs for R3 (based on the 1YZI or whether they interconvert among themselves and on what
structure) and RR2 (based on the 1MKO structure) with our time scale. According to our NMR results, the solution
measured RDCs for HbCO A. In other words, we have fitted structure of Hb A and rHl(V96W) in the CO form is a
our measured RDCs of HbCO A in the absence of IHP to dynamic ensemble of the R and R2 crystal structures, and
the crystal structures of R (1IRD), RR2 (1MKO), R2 the alteration in the functional properties of hemoglobins by
(1BBB), and R3 (1YZI) and tested the correlation between IHP is most likely due to changes in both quaternary and
observed RDCs and calculated RDCs (Figure 3). The besttertiary structures of the protein molecule. There is yet no
correlations are observed for R and R2, where the quality direct information that deoxy-Hbs exhibit multiple T types
factor Q (32) values are 14.6 and 15.2%, respectively. A of structures in crystalline and solution states. The available
poor correlation@Q = 17.9%) is obtained for RR2, consistent evidence strongly supports the concept that ligated hemo-
with the lower resolution (2.18 A) of its crystal structure globin is a multi-physiological-state system. Hemoglobin is
compared to those of R (1.25 A) and R2 (1.7 A), and a much a very flexible molecule that can respond to changes in its
poorer correlation@ = 26.4%) is seen for R3 (2.07 A).  environment. For example, the oxygen affinity of Hb can
These results indicate that the actual solution structure iseither be diminished in the presence of allostertic effectors
closer to R, RR2, and R2 than to R3 and suggest that thesuch as 2,3-bisphosphoglycerate and IHPdr increased

allosteric transition pathway for Hb is more likely the—F in the presence of antisickling drugs such as furanic
R — RR2 — R2 pathway rather than the + R — R3 compounds §). The dynamic picture of hemoglobin is
pathway. consistent with the emerging view of allosteBg(-40) as a

Although shown by our data not to be in the major change in the population distribution of an ensemble of
allosteric transition pathway, R3 may still represent a structures, rather than the equilibrium of only two discrete
quaternary structure relevant to ligated Hb. Safo et®l. ( conformations, upon ligand binding. Complementary infor-
33) and Safo and Abrahan8) indicate that both R2 and  mation is provided by X-ray crystallography, which reveals
RR2 ligated Hb, whose crystals are usually obtained undera “snapshot” of the most favorable structure crystallized
low-salt conditions, can be crystallized using high-salt under given conditions, and NMR, which provides dynami-
conditions. Thus, there is a question of whether R, RR2, R2, cally averaged properties. Ensemble-based molecular model-
R3, and some other structures intermediate between R andng studies 41, 42) point to the importance of a wide range
R2 (6, 29, 33, 34) represent different physiological states of of states, including those only minutely populated, to the
ligated Hb or are just crystallized in response to subtle propagation of binding energy between distant sites. Thus,
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a full understanding of the molecular basis of allostery will
require the investigation of transiently visited (i.e., low-
population) high-energy states of proteins; very useful in this
regard will be the technique of relaxatiodispersion NMR,
which can characterize states whose population is too low
to be observed directly4@). In the context of these recent
results, the classic two-state/two-structure T/R allosteric
model advocated by Perut2)(has to be revised to account
for the structural, dynamic, and functional properties of
proteins including hemoglobin.
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