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Abstract: Hemoglobin residues Th67 and Se#72 have been mutated to Val and Ala, respectively, to test
the hypothesis that tertiary H-bonds involving these residues play a key role in the allosteric reaction path
between the R and the T state. The H-bonds are donated by the indole side chairsldf dind Trip15; they

bridge the outer A helices to the inner E helices, which line the distal side of the heme pocket. The mutants
fold properly (CD measurements) and form native-like T state contacts, as revealed by UVRRréRBhance
Raman) difference spectra between deoxyHb and HbCO, and by thid Hestidine) stretching band in the
visible RR spectra of deoxyHb. However, the UVRR intensity of tryptophan bands is diminished in the mutants.
This is the expected effect of H-bond elimination, because H-bonding shifts the tryptophan excitation profiles
to longer wavelengths, raising the intensity at 229 nm, the wavelength employed in this study. Consistent with
this interpretation, the intensity loss for the W3 band is found exclusively at 1558 tine position of Trp14

and Trg815, and not at 1548 cm, the position of the interfacial residue Ti®7. The intensity loss is greater

for Ta67V than for $72A, consistent with crystallographic data showing a shorterdistance for the
H-bond from Trm14 than from Trpl15. The H-bond augmentation of the W3 intensity is calculated to be
almost a factor of 2 greater for the former than the latter. UVRR difference spectra obtained 150 ns after
photolysis of HbCO reveal negative Tyr and Trp bands for the mutants which are similar to those obtained for
native Hb, and are attributed to the first protein intermediate on the allosteric reaction gah, However,

the Trp intensity loss is diminished for the mutants, supporting the hypothesis thaisthgTiRo signals arise

from weakening of the Tipl4 and Trpl5 H-bonds, as a result of increased separation between the A and E
helices. This separation is proposed to result from rotation of the EF “clamshell” resulting from F helix
displacement away from the heme plane, due to the Fe displacement upon deligation, and E helix motion
toward the heme plane as the ligand departs the heme pocket.

Introduction proposed to involve displacement of the helices, E and F, which
. . e . sandwich the heme prosthetic group (Figure 1). These displace-
While the end states of the allosteric transition in hemoglobin ments would weaken H-bonds connecting the E helix to the A
(Hb) are the Well-esta_lblished R a”‘?' T struct_drdsse reacti(_)n helix, on one hand, and the F helix with the H helix on the
path has not been defined and remains a subject of great interestyiq | our model of the allosteric reaction coordirfatéhese
As part of a continuing program to trace this path with the aid } 3145 are subsequently reformed by following motions of
of time-resolved V|b_rat|ona! spectroscopy,we have ex_amlned the A and H helices, which serve to move the N and C termini
the effects of mutating residues &7 and Se§72, whichare 4 hositions from which they establish the intersubunit salt-
involved in key tertiary H-bonds. These mutants were designed bridges that stabilize the T structifre
to test a specific hypothesi4® about the first protein motion UVRR SDectroscony can monitor ihe—E\ and F-H helix
detectable by ultraviolet resonance Raman (UVRR) spectros- X sp Py cal . : .
separations, because the interhelical H-bonds involve aromatic

copy, when Hb is induced to undergo the R to T transition by . . .
X . .~ 7 residues. The H-bonds connecting the F and H helices are from
flash photolysis of the CO adduct, HbCO. This motion is the penultimate tyrosine residuesl40 andf145 to the main

*To whom correspondence should be addressed. chain carbonyl groups of valine residue83 and/398, while
TPrinceton University. the H-bonds connecting the E and A helices are from the
¢ Carnegie Mellon University. tryptophan residueal4 andp15 to the hydroxyl side chains
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Soziéil.%QZd 114, 3£9;. Spiro. T. GSciencel994 265 1697 shifted? reflecting stabilization of the resonant excited states.
odgers, K. R.; Spiro, T. GScienc . : : e P
(4) Jayaraman, V.. Rodgers, K. R.; Mukerji, |.: Spiro, T S@iencel 995 As a result, their UVRR |ntenS|f(y is |ncrea_sed for excitation z?lt
269, 1843. 229 nm, the wavelength used in our studies. Thus, weakening
(5) Hu, X.; Frei, H.; Spiro, T. GBiochemistry1996 35, 13001.
(6) Hu, X.; Rodgers, K. R.; Mukeriji, I.; Spiro, T. @iochemistry1999 (7) Baldwin, J. M.J. Mol. Biol. 198Q 136, 103.
38, 3462. (8) Perutz, M. FNature197Q 228 726.

10.1021/ja992228w CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/19/1999



11198 J. Am. Chem. Soc., Vol. 121, No. 48, 1999 Wang et al.

protein fold nor of the native T state intersubunit contacts. But
the mutations do diminish the Ted4 and 15 intensities,

// ' E helix because of the loss in H-bonding. They also diminish the
/ % negative tryptophan peaks in the 150 ns time-resolved UVRR
// difference spectra, thereby establishing that these peaks do
/AN reflect loss of the EA interhelical H-bonds.
i ) A helix
isa 58 .
/ / Materials and Methods
=) B 4 Recombinant Hemoglobin (rHb) Expression and Purification.
S pHE2 plasmid, in which synthetic humanr andj-globin genes and

the methinonine aminopeptidase (Met-AP) gene fiesoherichia coli
are coexperessed under the control of sepaaateromoters, was used
to produce the rHb as well as its mutaktsThe plasmids were
transformed intoE. coli IM109 orE. coli KS463, and protein was
expressed following the procedures in ref 14.

Bacterial cells were stored frozen at80 °C until needed for
purification and then thawed and sonicated twice in an ice bath. The
membrane was centrifuged down (14 000 rpm, 45min). The supernatant
was saturated with CO gas, the pH was adjusted to 8.0 with Tris base,
and a small volume (1.0 mL/L culture) of 10% polyethyleneimine (vol/
vol) was added to precipitate most of the nucleic acids. The mixture

Figure 1. Diagram of the helix arrangement around the heme pocket Was stirred for _15 min with a stream of CO gas blowing across the top
of thea chain of HCO (PDB: 2HCO)showing the H bond between and then centrifuged at 14 000 rpm for 45 min. The supernatant was
Trpal4 and The67, which bridges the A and E helices, and the H concentrated in an Amicon stirred-cell concentrator 4C4

bond between Val93 and Tyri140, which bridges the FG corner and Two columns were employed in the purification procedures. (a) A
the H helix. The arrangements are similar forchains, except that ~ Q-Sepharose Fast-Flow column (Pharmacia anion exchanger)Gat 4
TrpB15 and Se#72 provide the A-E bridge, whereas VAB8 and was used with a linear gradient of 20 mM THECI/0.5 mM triethyl-
TyrA145 bridge the FG corner and H helix. Also shown are the heme enetetramine (TETA), pH 8.3 to the same buffer with 160 mM NaCl;
and the proximal and distal histidine residues87 anda58). The the flow rate was 5 mL/min. The buffer was exchanged by passing the
arrows indicate the direction of E, F helix displacements after Samples through a G-25 (fine) column equilibrated with the beginning

photodeligation as proposed in the model of the allosteric coordinate. buffer. rHb remained at the top of the Q column, and the unwanted
products including nucleic acids and other proteins were washed off

with the beginning buffer. The rHb fraction was then eluted from the
column in one major band by applying the linear gradient. (b) A Mono

F helix Val®9 9

of H-bonds diminishes the Tyr and Trp intensities. This is what
the time-resolved UVRR spectra show for the first intermediate S column (Pharmacia cation exchanger HR16/10) at room temperature

after Hb_CO photolysis, Wy'Ch ha; a rise-time-e80 ns and a was used with a 1630% gradient of 20 mM sodium phosphate/0.5
decay time of~500 ns® The difference spectrum of the ethylenediaminetetraacetic acid (disodium salt) (EDTA), pH 8.3
intermediate relative to unphotolyzed HbCO shows negative (g), in 7.5 column volumes. The beginning buffer is 10 mM sodium
bands for both tyrosine and tryptophéh. phosphate/0.5 mM EDTA, pH 6.8 (A). The flow rate was 5 mL/min.
The same negative bands are seen when the UVRR spectrad G-25 (fine) column was again employed to exchange the sample
of tetra-ligated Hb is subtracted from that of any Hb construct buffer to the initial buffer condition. The Hb met form was washed off
in which one or more of the chains contain deoxy-heme, but the column in several peaks by elevating the gradient to 100% B. The
whose quaternary structure remains R. These constructs includd/on° S column was controlled by an AKTA Purifier 10 HPLC system
di-ligated Co, Fe hybrid3 tri-ligated cyanome-hybrid®, and Amersh:?pw IPharmlfC'a)‘ The e'”tg?" piomde.f?f theteXpressfd rHb ‘;S“at”y
Hb’s for which the T state is destabilized by mutatiéhsy by gave muiiple peaxs, corresponding to diierent percentages ot extra

. . - S N-terminal methioniné# The relative intensity of these peaks varied
C-terminal deletiond? This characteristic difference spectrum depending on thé&. coli strains, plasmids, and growing conditions.

is labeled Reoxy The loss of ligand within the R structure  The |ast peak always has the least amound%) of the extra
produces the same indications of H-bond weakening as are seem-terminal methionine.

in the early intermediate in the HbCO photocycle. Significantly, Past studies have shown that heme insertion int¢ ttigain of rHb

the position of the tryptophan nagative peaks, W3, distinguishesfrom the last peak is incorrect but the heme can be converted to the
it as arising from Trpi14 andf15, and not the third residue, correct orientation by a simple oxidatieneduction procesS!> The
TrpB37, which is at theayf, interface, and forms a strong converted rHb exhibits the same structural and functional properties
intersubunit H-bond only in the T staté3 as those of adult hemoglobin A (HbA). Therefore, all the rHb from

. . the last peaks underwent the oxidatimeduction procedur®.No met
Although suggestive, the negative peaks do not prove thatform was found in the final product, as indicated by the absorption

H-bonds are |nvolve_d. _For this reason we have turned to S't?' spectra. To confirm the absence of the met form, some samples were

directed mutagenesis, in hopes that the H-bonds under considyechromatographed on the Mono S column, with the same linear

eration can be eliminated without altering the protein fold. This gradient. No residual met peak was observed. The vield of pure protein

hope is fulfilled in the Tha67 and Se872 mutants, for which from the last Mono S peak was10 mg/L culture.

we find no spectroscopically detectable disturbance of the  Site-Directed Mutagenesisin vitro mutagenesis was performed on

- the plasmid pHEZ2 using a Muta-Gene kit from BIORAD (catalog no.

Acg%) g%ﬁr'?tseﬂéis%o?omgé% H.; Henry, E. R.; Eaton, WP#oc. Natl. 170-3576). The strategy is shown in Scheme 1. Synthetic oligonucle-
N T ' . otides 5GCAACAGCGTTAACCAGAGCATCAG-3 (25 mer) and 5

(10) Jayaraman, V.; Spiro, T. ®@iochemistryl995 34, 4511.
(11) Huang, J.; Juszczak, L. J.; Peterson, E. S.; Shannon, C. F.; Yang, AGACCGTCAGCGAAGGCGCCCAGAACTTTT-330 mer) were

M.; Huang, S.; Vidugiris, G. V.; Friedman, J. NBiochemistry1999 38, used as primers to introduce the mutatior&’ Thr— Val and 372
4514.
(12) Wang, D.; Spiro, T. GBiochemistry1998 37, 9940. (14) Shen, T. J.; Ho, N. T.; Simplaceanu, V.; Zou, M.; Green, B. N;

(13) Nagai, M.; Kaminaka, S.; Ohba, Y.; Nagai, Y.; Mizutani, Y.; Tam, M. F.; Ho, C.Proc. Natl. Acad. Sci. U.S.A993 90, 8108.
Kitagawa, T.J. Biol. Chem1995 270, 1636. (15) Sun, D. P.; Zou, M.; Ho, N. T.; Ho, ®iochemistryl997, 36, 6663.
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Scheme 1.Scheme for the Construction of Mutant Plasmids
for Ta67V and $72A2

Construction of mutant plasmids
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a A new Hpal restriction site was introduced by the newnutation
codon, while a neviehelrestriction site was purposely introduced into

the f mutant. The codons shown in black are the mutated ones. Also
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Figure 2. Elution profile of rHb from a Mono S column (HR 16/10)
with a flow rate of 5 mL/min. Eluent A is 10 mM sodium phosphate/
0.5 mM EDTA, pH 6.8, eluent B is 20 mM sodium phosphate/0.5 mM
EDTA, pH 8.3, and the gradient is from 10% B to 30% B in 7.5 column
volumes. The absorption at the two monitoring wavelengths (276 and
540 nm) are shown. The peak labeled with an asterisk was used for
spectroscopic studies (see results).

ments, theAjqs was adjusted to 0.8, while for heme CD (30800
nm) measurements, theiowas also 0.8. UV absorption spectra were
recorded just before the CD experiments.

Visible and UV Resonance Raman Spectroscopylhe experi-
mental setup has been described elsewh&r8oret-resonant Raman
spectra were obtained with a HEd laser (441.6 nm, Liconix) and a
triple spectrograph (SPEX 1877) equipped with a 2400 groove/mm
grating and intensified diode array detector (Princeton Instruments).
The spectra were obtained in 20 min acquisitions. UVRR spectra were
obtained with a frequency-doubled argon ion laser (229 nm, Coherent

shown are the expected mass differences between the wild-type andnnova 300) and a 1.26 m single spectrometer (SPEX) with an

mutants.

Table 1. Electrospray Mass Spectrometry (ESMS) Masses
(daltons)

a chain S chain
HbA 15126.6 15867.6
rHb 15126.9 15867.9
Toa67V?2 15124.8 15867.7
SB72A° 15127.0 15851.9

@Thef chain mass is unaltered, while thechain mass is lowered
by 2 amu, the expected difference between Thr and ¥&he o chain
mass is unaltered, while thchain mass is lowered by 16 amu, the
expected difference between Ser and Ala.

Ser— Ala, respectively. A newHpa | restriction site was introduced
into theo. mutant by the new codon. A nelghe Irestriction site was
deliberately introduced into thgmutant by using the redundant codons
for Gly69 (GGU— GGC) and Ala 70 (GCU~ GCC). There are two
Hpa | sites and onéhe Isite in the native pHE2.

Verification of Mutant Identities. Mutated plasmids were initially

checked by gel-electrophoresis of the products from the restriction

enzyme Hpa | and Ehe |) digestions, and confirmed by DNA

intensified diode array detector. Spectral acquisitions were carried out
in 30 min increments. For time-resolved UVRR spectroscopy, a pair
of Nd:YLF-pumped Ti:sapphire lasers providee?5 ns pump (419

nm) and probe (229 nm) pulsesal kHz repetition rate. The timing
sequence alternated plus and minus time delays between the pump and
probe lasers, and the accumulated pair of 10 min spectra were subtracted
to produce a difference spectrum at the selected dekipal difference
spectra were the average of-6 measurements.

Protein samples were 0.5 mM in heme, and were exchanged into
50 mM sodium phosphate (pH 7.4), 0.5 mM EDTA by centrifuging in
buffer at least four times, using Centricon YM 30 (Millipore) tubes at
5000 rpm. 0.2 M NaCl@was used as the internal intensity standard
to generate deoxy CO UVRR difference spectra.

Results

Protein Expression and Purification. Mono S chromatog-
raphy of partially purified recombinant Hb reveals several Hb
peaks (Figure 2), in addition to adventitious protein. The Hb
peaks appear in the middle of the gradient and reflect differing
contents of N-terminal methionine, as revealed by ESMS. The
coexpressed methionine aminopeptidase is only partially effec-

sequencing. The indentities of the mutant proteins were confirmed by tive at methionine cleavage of the recombinant Hb polypep-
electrospray mass spectroscopy (ESMS). The masses were exactly a@ides-lf1 The ChromatOQYaph]C pattern depends on the §peC|f|C
expected (Table 1). The purity and homogeneity of the recombinant mutation and on the bacterial strain chosen for expression. We

proteins were verified by polyacrylamide (10%) gel electrophoresis
under both denaturing and nondenaturing conditions.

Circular Dichroism. Spectra were recorded on an Aviv model 62DS
spectropolarimeter at 25C in a 1 mmpath-length strain free quartz
cell (111 QS, Hellma Cells Inc.) with 1.0 nm bandwith, step size of 1

nm, and averaging time of two seconds for each data point. The spectr.

a

tried KS463 (not shown), as well & coli IM109 (Figure 2).

The final peak in the gradient (marked with an asterisk) contains

negligible amounts of extra methionine, as revealed by the mass
spectrum, and has the same retention time as HbA. This fraction
was used for spectroscopic characterization, following a redox

are the average of three scans. The samples were in 50 mM sodium (16) Zhao, X.; Tengroth, C.; Chen, R.; Simpson, W. R.; Spiro, T. G.

phosphate pH 7.4 buffer. For near UV (38820 nm) CD measure-

1999 manuscript submitted.
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Figure 4. Comparison of visible RR spectra of deoxyHb excited at
441.6 nm (left panel) and UVRR difference spectra between deoxy
and CO forms excited at 229 nm (right panel,®/Trp modes, Y=

Tyr modes) (2) for HbA, rHb, and 67V and $72A. The UVRR
difference spectra are expande by a factor of 3, relative to the parent
spectra, and minor peaks (unlabeled) are not readily distinguishable
from noise.
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6 . . . .
800 350 400 450 500 550 €00 as well as the asymmetric shape, establish that the T state forces

Wavelength (nm) at the heme are the same in the expressed proteins as in Hb A.
Figure 3. Circular dichroism spectra of the CO forms of recombinant Likewise the T state contacts in thgf, subunit interface
wild-type and mutant Hb's, superimposed on those of HbA, in the UV are unaltered, as revealed by UVRR difference spectra between
(top) and visible (bottom) regions. deoxyHb and HbCO, obtained with 229 nm excitation (Figure
4, right panel). These spectrrise from environmental changes
cycle (see Material and Methods) to ensure proper orientation iy tryptophan and tyrosine residues, and are dominated by two
of the inserted heme. critical H-bonds, Tya42---Asp399 and Tr37---Aspa94,
Correct Folding and Quaternary Structure. The bacterially across thex, 3, interface, which are formed in the T state but
expressed proteins were examined by circular dichroism to checkare broken in the R stateThe key markers of these H-bonds
for proper folding. Figure 3 shows that both mutants, as well are the sigmoidal Y8a (1615 cr) band, which arises from an
as the unmutated recombinant Hb, have CD spectra identicalypshift in the T state frequency for Ty42, and the W3 band
with Hb A, at both ultraviolet and visible wavelengths. The position, 1549 cmt, which arises from augmented intensity
signals at wavelengths below 250 nm reflect secondary struc- gssociated with Ti§B7. The Tr37 frequency is lower than
turel” and the conservation of negative band intensity at 210 that of the other two tryptophan residues, @ig andpj15,
and 222 nm ensures that the helical content is unaltered in thepecause of a lower dihedral angle about the bond connecting
expressed proteins. At longer wavelengths, the CD signals arethe indole ring to the gatom222
associated with the heme electronic transition and reflect Thus, the expressed proteins fold correctly, have unaltered
chirality associated with electrostatic field of the surrounding heme pockets, and form proper T state contacts in deoxyHb.
protein’® The constancy of the CD bands seen at 345 and 422 Sjgnatures of H-bond Deletion When the UVRR spectrum
nm ensures that the heme binding pockets are the same in albf unmutated recombinant Hb is subtracted from those of the
four proteins. mutants (Figure 5), negative tryptophan signals are seen. The
The status of the FeHis bond, which connects the heme position of the negative W3 band is 1558 thncharacteristic
group to the protein, is also the same in the expressed proteinsf Trpal4 andf15, not 1548 cm?, the TrgB37 position?23
and in Hb A. The left panel of Figure 4 reveals identical Thus, the intensity is unaltered for T#g7 but is diminished
frequencies and band shapes for the-Fés resonance Raman  for Trpal4 or 815. This intensity loss is attributable to the
band, obtained via excitation at 441.6 nm, in resonance with elimination of the H-bond partners of Taft4 or 315. Impor-
the heme Soret electronic transition. The band maximum, 215 tantly, the mutation-induced difference spectra are essentially
cm™1, is characteristic of deoxyHb in the T state, as is the band the same for deoxyHb and for HbCO, establishing that the
shape. In deoxy-myoglobin, or in relaxed forms of deoxyHb, tertiary H-bonds do not differ between the T and R states.
the Fe-His frequency is~222 cnt. Protein forces in the T However, the W3 intensity loss is greater food7V than
sate weaken the FeHis bond, lowering its stretching frequency; for SB72A,; this is evident from inspection of the difference
the effect is greater in the than in thef chains, producing an  spectra. To quantify this effect, we deconvoluted the W3 band
asymmetric band shap&.?! Thus the 215 cm band maximum,  envelope in the parent spectra into contributions fromBBip

(17) Yang, J. T.; Wu, C.-S. C.; Martinez, H. Methods Enzymol986 (20) Nagai, K.; Kitagawa, TProc. Natl. Acad. Sci. U.S.A98Q 77,
130, 208. 203.

(18) Chiancone, E.; Vecchini, P.; Verzili, D.; Ascoli, F.; Antonini, E. (21) Mukerii, I.; Spiro, T. G.Biochemistryl994 33, 13132.
Mol. Biol. 1981, 152 577. (22) Miura, T.; Takeuchi, H.; Harada, J. Raman Spectros&989 20,

(19) Kitagawa, T. InBiological Applications of Raman Spectroscppy  667.
Spiro, T. G., Ed.; John Wiley & Sons: New York; 1997; Vol. 3, pp 97. (23) Hu, X.; Spiro, T. GBiochemistry1997 36, 15701.
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T T T T T T T T Table 2. Raman Cross Section for the W3 Band at 1558 tin
the CO Adducts of Wild Type (WT) and Mutant Hb's

wié (mbarnmoleculet-sr1)2
o (static) o' (150 ns)

WT 1459 1218
Ta67V 1237 1132
SB72A 1332 1196
a® 1110 1110
o 444 172
o 254 44
0p3(T)P 1618

0'/;’37(R)b 1142

Intensity

a2 Raman cross sections were calculated based on the peak-heights,
which are a more reliable gauge of intensity than peak areas in complex
spectra. Cl@ was used as the internal intensity standard, and the cross
section of its 934 cm! peak, 0.586 mbarmolecule-sr! 24was used
to calculate the W3 cross-sections fraw3) = (I1ry/lcioa )*(Ccioa™/
Crp)*ocios - For the static spectra, the W3 intensities were determined
by deconvoluting the W3/Y8a,Y8b region (1560670 cnt?) into five
bands (Figure 6). Since there is no change for the W3 band at 1548
cm ! between the wild-type and mutant proteins, its peak width, height,
and frequency were fixed. For the 150 ns cross section calculation, the

deoxy

(SB72A-rHb)x 3 co I difference spectra (Figure 7) were first normalized to the Y8a difference
TN T T e e e band as a secondary intensity standard to eliminate kinetic differences
. L L L . L s L L among the samples, as well as the effect of the slow build-up of met
1000 1200 1400 1600 Hb during the measurements, as a result of exposure to the photolying

laser. This Y8a correction factor set the static and time-resolved spectra
to the same scale (defined by the magnitudex®fafter the parent
Figure 5. UVRR difference spectrax3 scale factor) between rHb  spectra of the 150 ns transient species were deconvolu@mss
and the two muants, in deoxy and CO forms. Also shown are parent section of the Tr37 W3 peak at 1548 cm-1 in HbCQR) and

Raman Shift (cm™)

spectra of the deoxy forms. deoxyHb ¢7), based on the same curvefitting procedures described
above.
g
0 whereg; is the cross-section per (interior) tryptophan for the
2 o indicated Hb species? is the average cross section of @it
% ' and315, in the absence of any H-bond acceptor, agtiand

og are the intensity increments due to the dig and Tr$15
H-bonds, respectively. The assumption is tldt value is
unaltered by the mutation and that neither dtg nor Trpl5
forms a H-bond with solvent water or with some other protein
residue in the mutants. This assumption seems reasonable since
the interhelical regions are protected from water, and since the
mutations produce the same intentsity loss in the R state as in
the T state. We find that," and og" are 40 and 23% of?,
respectively. Thus, the tertiary H-bonds augment the intrinsic
oo R D tryptophan intensity by about 20% for T#p5 and by twice
sepefTEERLLL L that amount for Trpl4. For comparison, we measured the

aft AT Trpp37 W3 cross-sections and obtained values of 1142 and 1618

1599 Y8b

L . 1 . L . L mbarnsrt in HbCO and deoxyHb, respectively. The former
1500 1550 1600 1650 value is within 3% of?, indicating minimal enhancement from
Raman Shift cm™) the weak intersubunit H-bond in the R state. The latter value is

Figure 6. lllustration of the curve-fitting procedure used to extract 42% higher, reflecting the strong quaternary H-bond in the T
the intensity of the W3 band components. The experimental data (solid State (see below).
trace) are compared with the curve-fit components with 50% Gaussian ~ The mutations also perturb the tyrosine signals slightly but
and 50% Lorentzian line shapes (dotted lines). The bottom trace is thein different ways. B67V shows a positive Y8a difference band,
difference between the experimental intensity and the sum of the fitted while $372A shows a negative one; both mutants have small
components. negative difference signals for Y9a. The presence of three
tyrosine residues on each chain makes interpretation of these
(the 1548 cm* shoulder) and from Tpl4/315 (the 1558 cm* signals uncertain, but we note that only fhehain has a tyrosine
main band) (Figure 6). The resulting intensities, expressed asresjdue on the E helix, T@130. This residue provides an
Raman cross-sections, are given in Table 2. From the wild- additional A-E interhelical H-bond to the VAL1 carbonyf?
type and mutant cross-sections we can evaluate the H-bondjt js reasonable to infer that loss of the Ba5 H-bond would

effects as follows: also loosen the Ty#130 H-bond, thereby producing a negative
UVRR signal for Tyr as well as Trp.
Aoyt = 40° +2 aaH + ZUﬁH Q) Time-Resolved RR Spectroscopy: E Helix DynamicsS he
effect of the mutations on 150 ns time-resolved difference
4oresry =4 0"+ 204" 2 spectra are shown in Figure 7. This time delay was chosen to

0 H isolate the spectrum of the first protein intermediate in the HbCO
405ﬁ72A =40 + 20, 3 photocycle. This intermediate, callegdgy has a rise time of
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T " T Y " T " to estimate the H-bond increment per unligated chain. These
w{w W16 w3 divided values are 23 and 65% smaller than the static incre-

1558 Y8a
ments.

Yl9a HbA
WW/M Discussion
rHb

Tertiary Trp H-bonding. The Ta67V and $72A mutants
were prepared to evaluate tertiary H-bonds which we have
Tab7V proposed to play a key role in the allosteric transition from the
R to the T staté:*6 These H-bonds connect the N-terminal A
helices, in both ther and chains, with the E helices, which
Sp72A line the distal side of the heme pockets (Figure 1). The indole
rings of the A helix residues Todl4 andfB15 donate H-bonds
to the hydroxyl groups of Tlw67 and Se#72. The residues

: . \ . ) . \ , chosen to replace Th67 and Sg#72, Val and Ala, are sterically
1000 1200 1400 1600 conservative (Scheme 1) but cannot form H-bonds. The mutated

Raman Shift (cm™") Hb's fold properly, as evidenced by the CD spectra in both the
. . . visible and UV region. Thus, the residue substitutions do not
Figure 7. Pump-probe minus probepump UVRR difference spectra . PN P . .
(pump= 419 nm, probe= 229 nm) at 150 ns time delay for CO forms seriously diminish thg stapll|ty of the nE.itIVG proteln._ _
of HbA, rHb, and 167V and $72A. The scale factor isc3, and Furthermore, the disruption of the tertiary H-bonds is without
minor peaks (unlabeled) are not readily distinguishable from noise. ~ significant impact on the quaternary interactions in the T state,
as monitored by UVRR spectroscopy. The deoxyHbbCO
~50 ns, and a decay time of500 ns*? Its spectrum is difference UVRR spectra are the same for the mutants as for
characterized by diminished intensity in both tryptophan and native Hb, showing that the intersubunit H-bonds across the
tyrosine bands, and the position of the W3 difference band, 1558 132 interface are unperturbed. Previous studies have shown
cm1, establishes Tmpl4 and 315 to be the locus of the thatwhen these contacts are weakened, as in Hb constructs with
tryptophan intensity los:# Figure 7 shows this early transient ~ C-terminal deletion’$ or in the Hb Kempsey (D99N) mutaft,
UVRR difference spectrum, recorded for a 150 ns de|ay’ to be the UVRR difference signals are attenuated. ThUS, the intact
unaltered in recombinant Hb, showing the bacterially expresseddeoxyHb— HbCO difference UVRR spectra establish that the
protein to be the same as that in HbA in its dynamic as well as quaternary structure is unaltered in the67V and $72A
its static spectral indicators. mutants.

The mutants likewise show similar early transient difference ~ When the indole ring is involved in a H-bond, the intensity
spectra, but the tryptophan difference signals are diminished Of its 229 nm-excited UVRR scattering increases, because the
relative to those of tyrosine. Again we quantified this effect by H-bond lowers the energy of the resonant electronic transition
deconvoluting the parent spectra into $87 and Trpc14/315 and red-shifts the excitation profifeThe Ta67V and $72A

contributions (Table 2). As in the static spectra, we calculated Mutants serve to establish H-bond augmentation of the T4
the H-bond contributions using the equations B15 UVRR intensity. The difference UVRR spectra between

mutated and unmutated Hb show negative tryptophan bands,
and the negative W3 peaks are at 1558 &nthe Trpx14/515

Intensity

" — 2,0 H H
Aoy = 40” + 20,7 + 20 ) position, which is 10 cm! higher than the Typ37 position.
4o "= 259 + 25/H (5) For each mutant, the magnitude of this negative W3 peak is
LT B the same whether deoxyHb or HbCO is evaluated, establishing
40700 = 40° + 20(1'“ (6) that the Tr14 andf15 H-bonds are equally strong in the T

and the R state. This is the reason that the- R difference
spectrum has almost no intensity at the dtg/515 position.
However theo and/3 chain tertiary H-bonds differ from each
other. The difference spectra reveal a greater intensity loss for
Ta67V than for $72A. Quantification of the W3 peaks reveals
Fhat the intensity augmentation is twice as large for thexTdp-
Thra67 H-bond as for the TRL5—Sep72 H-bond. If the
augmentation is assumed to be proportional to H-bond strength,
then the Trpil4 H-bond must be nearly twice as strong as the
Trpf15 H-bond. This inference is supported by structural data
(Table 3)25-27 The X-ray coordinates yield significantly greater

where primes refer to the parent 150 ns time-resolved spectrum
of Hb. 6 was set equal t@® via the scaling procedure (see
the Table 2 footnote) which utilized the tyrosine Y8a difference
band as a secondary intensity standard. This scaling serves t
eliminate possible kinetic differences between native Hb and
the mutants. The valueg/H = 172 andog't = 44 mbarrmole-
cule"l-srt are 61 and 83% smaller than the static increments
aq" andog™. The interpretation ofi,'™ andog™ increments is
model dependent, because at 150 ns, about half the CO
cecules haue [ecomined n el . and s 0L KIOWT separton betvee the ndole N stom and the © atom of e
. . A H-bond acceptor for Trpl4d than for Trpl5. Taking the
protein structure is affected by the recombination at 150 ns. If, average of the deoxyHb and Hb@alues, 2.68 and 3.20 A, the

as seems I|kel_y, geminate recombination reverses the he“Xseparation is 0.5 A greater for TBp5. This increased separation
motions producmg_the J‘goxyspgctrum on the 150 ns time scale, could easily weaken the H-bond by a factor of 2. Thus, the two
then only the unligated chains contribute to the difference
spectrum, ands,'" and oz should be divided by the un- (24) Dudik, J. M.; Johnson, C. R.; Asher, S. A.Chem. Phys1985
recombined fractions. This fraction is0.5 for the tetramer, 82 1732. _
but it is not known how the recombined ligands are distributed 19&5)1'7:2'?5'96'; Pertuz, M. F.; Shaanan, B.; Fourme JRMol. Biol.
between thex andf3 chains. If recombination is equally probable (26) Tame, J.; Vallone, B. PDB: 1A3N, 1998.

in o andf chains, therw,'" andog™™ should be divided by 0.5 (27) Shaanan, BJ. Mol. Biol. 1983 171, 31.
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Table 3. N---O Distance for Trp H-bonds respectively. The implication is that the stronger dig is
HbA HbAO, weakened only modestly, while the weaker #tp H-bond is
partner N0 (A) partner N0 (A) weakened substantially. However, the results would be altered
Trpald Thiu67 (OH) 2.79/2.7P Thra67 (OH) 260 ?f recombinatipn were piased towawdor chair_1$. For example,
TrpB15 SeB72 (OH) 3.1%2.88 Sep72 (OH) 3.40 if the recombination yield were 0.25 for chains and 0.75 for
TrpB37 Asm94 (COO) 2.99/2.90 Aspn94 (COO)  3.57 S chains, then the H-bond increments, per unligated chain, would
@ Calculated from the single-crystal X-ray coordinates in the be 48 .and 31% Sma”er’ respectlvgly, tw anda", thus.
Brookhaven Protein Data Bank of Hba & 1.74 A, PDB: 2HHB® reversing the relative extent of the implied H-bond weakening.
b=1.80 A, PDB: 1A3N® and HbAQ (2.1 A, PDB: 1HHG") using However, complete chain selectivity is ruled out by our results
the program Insight 1. since eithew,'H or a5'™ would then be zero, that is, the wild-
type Rieoxy difference spectrum would be unaltered for one or
tertiary H-bonds, although symmetrically positioned in the the other of the mutants.
dimer, are not equally strong. Regardless of the quantitative uncertainty about the extent

~ The H-bond augmentation of Tayi4 is almost as large as it of H-bond weakening, the mutant spectra provide support for
is for Trp337 in the T state. The TA87 W3 cross-section in  our model of the R-T allosteric coordinate, in which thesRxy
the R state (Table 2) is essentially the same as the intrinsic,intermediate is formed via a rotation of the EF “clamshell”

non-H-bonded intensity calculated for Brp4 and Tri#15 from (Figure 1), in response to steric forces generated by de-ligation.
the mutant spectra. This is consistent with the long-® When the Fe-CO bond is broken, the Fe atom moves out of

distance, 3.57 A, obtained from the X-ray coordinates (Table the heme plane, pushing on the F helix, while departure of the
3), implying a very weak (or no) H-bond between 87 and CO from the heme pocket permits collapse of the distal E helix
the carboxylate side chain of Agg4. In the T state, the intensity  toward the heme. The helix displacements are proposed to be
increases by 42%, reflecting the strong H-bond formed with concerted~50 ns being the characteristic time for the clamshell
Aspu94. Although the N-+O distance, 2.95 A, is intermediate  rotation. Interestingly, just such a rotation has recently been

between the tertiary H-bond distances for it and Tr15 identified as the principle structural change between deoxy- and
(Table 3), a strong H-bond is consistent with the anionic CO-myoglobin when the crystal structures are solved at ultrahigh
character of the H-bond acceptor for BgY. Other environ-  resolution (1.15 A}8 The rotation angle is 1°7in myoglobin,

mental factors may also contribute to the intensity but are resulting in backbone displacements of 8B4 A near the
unlikely to explain the Trg37 intensification in the T state since  proximal and distal histidine residues. Displacements of this
examination of the crystal structures shows that the disposition magnitude would be sufficient to weaken interhelical H-bonds
of the surrounding residues, other than the H-bond acceptor, issubstantially.
essentially the same in the R and T states. The loss in interhelix H-bonding is energetically costly and
E Helix Displacement in the Ryeoxy Structure. Time- is driven by the photochemical deligation. In our model of the
resolved UVRR spectroscopy of the:§7V and $72A mutants allosteric coordinaté,the next step involves re-formation of
provides a direct support for the hypothesis that the initial step these H-bonds via following motions of the outer helices, A
along the R-T allosteric reaction coordinate includes displace- and H. The evidence for this proposal is that the negative peaks
ment of the E helix toward the heme and away from the outer of the Ryeoxy difference spectrum disappear as the next inter-
A helix (Figure 1). The interhelical H-bonds formed by @it mediate, S, is formed, on the 500 ns time scale. The A and H
andp15 serve to monitor this displacement via the loss in UVRR  helices contain the N and C termini of the polypeptide chain,
intensity when the H-bonds are weakerethe time-resolved  which form intersubunit salt-bridges that stabilize the T stafe.
UVRR spectra of the mutants confirm the H-bond origin of this  The docking of these salt-bridges is proposed to be the final,
intensity loss since the negative W3 difference band is decreased0 us step on the allosteric coordinate. Thus the pathway from
in intensity when either H-bond acceptor, @67 or Sef72, the R to the T state is suggested to proceed via reciprocating
is mutated. helix motions which are initiated by de-ligation forces, mediated
Quantification of the W3 intensities in the 150 ns time- py interhelical H-bonds, and terminated by intersubunit salt-
resolved spectra (Table 2) establishes the H-bond contributionspridge formation. The present result supports this model by
to the Trp14 andB15 intensity losses in thedRxyintermediate.  confirming the involvement of two of the inter-helical H-bonds.
The increments attributed to H-bondirg,H andog™, are much
lower than in the static spectrum, but interpretation of their
magnitude is complicated by the unknown effects of geminate
recombination, which occurs in about half the chains on average.
It seems likely that recombination quickly (50 ns) reverses
the early structural effects of deligation, and thgt! andog'™
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