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Recombinant hemoglobin [Hb] has been labeled Wi@y-tyrosine in order to characterize the tyrosine bands

in static and time-resolved ultraviolet resonance Raman [UVRR] spectra. The large isotope shift for the Y8a/
8b ring modes permits complete resolution of the important £3&®B0 cn1? region. Underlying bands from
tryptophan [W1 and W1#18] and from phenylalanine [F8a] make only small contributions to stati® T

and 150 ns time-resolved difference spectra. Isotopic hybrid Hb’s were constructed in order to evaluate tyrosine
contributions separately far andS chains. The Y8a and Y8b bands shift up significantly [2.5 and 3.2'tm

in the a but not thef chains for the T vs the R state. These shifts, along with an upshift of the Y9a band,
are attributed to the T-state H-bonding of @2, which is reinforced by a nearby positive charge. In the
150 ns time-resolved difference UVRR spectrum, batAnd 3 chains contribute to the negative tyrosine
bands. These are suggested to arise from H-bond weakening of the penultimate residuit) ayds145,

as a result of F helix displacement in the initiak{R,] intermediate along the path from the R to the T states.

Introduction and important insights were obtained into the character of the
o ) . tyrosine signals. However, interpretation of the tyrosine labeling
As part of a continuing effort to elucidate the allosteric  reqits was hampered by the limited frequency shifts produced
reaction coordinate in hemoglobin [Hb]? we have examined 1 the ring deuteration. To remove this limitation, we have now
the effect of'3C labeling of tyrosine residues on the static and employed-3Cs-Tyr: incorporation of-3C at all six ring positions
time-resolved ultraviolet resonance Raman [UVRR] spectra. jhcreases the frequency shifts for the important Y8a and Y8b
Laser excitation at 229 nm selectively enhances Raman bandsygdes (Figure 1). The new data permit complete characteriza-
arising from ring modes of tyrosine and tryptophan side {jon of these modes for and B chains and clarify the
chains:"® These modes exhibit frequency and/or intensity interpretation of chain-selective effects. We have also extended
changes when Hb undergoes the allosteric transition from the e jsotope hybrid technique for the first time to time-resolved

R to the T state as a result of deligation. The altered spectral jyrRr spectra, using a newly implemented frequency-qua-
bands reflect changes in the aromatic ring environments, 4y pled Ti:sapphire laser systéfh.

principally in the nature and extent of hydrogen bonding. Thus,
the tyrosine and tryptophan signals serve as structural reporterMaterials and Methods
of the stages of the allosteric transition. Puagpobe techniques Recombinant Hemoglobin (rHb) Expression and Purifica-

have been used to monitor these charigé8.?10 . . ;
. ] . . tion. The recombinant human hemoglobin (rHb) was expressed

However, structural interpretation of the UVRR signals is om plasmid pHE2, in which synthetic human andg-globin
subject to ambiguities resulting from overlapping bands and genes and the methinonine aminopeptidase (Met-AP) gene from
from coincident signals of multiple residues having the same g i are coexpressed under the control of sepatate
chemical composition. To help resolve these ambiguities, we promoters2 The expression and purification of the natural-
have resorted to isotopic labeling of the tyrosine and tryptophan 5,5 ,ndance rHb is described in detail elsewhéié.To ef-
residues, by expressing recombinant HEEincoli auxotrophs  ficiently incorporate3Ce-Tyr into the protein, the plasmid was
grown in a medium containing labeled amino acitishe transformed into the host cefi. coli DL39 (DE3), which is
isotope shifts of the tyrosine and tryptophan signals uncover auxotrophic for six amino acids: Tyr, Asp, Phe, Leu, lle, and
bands that may be overlapped. In addition, the contributions of \/| 14 A defined M9 medium supplemented with 20 amino acids
tyrosine and tryptophan.re5|dues on the dlfferent polypeptide \yas used to produce tH&Cs-Tyr labeled rHb.13Cq-Tyr was
chains,a. andj, can be disentangled by separating the labeled gqjied at a minimal level for sufficient cell growth, which is
chains and combining them with unlabeled chains, to produce gt 2504 of the concentration normally used in the defined
functional isotope hybrid Hb's. In this way, the multiple residue ,aqiumz5 Specifically 1 L of medium contained 50 mg of
ambiguity is redgced, although not eIiminat.ed. T/he:hgins L-13Cs-Tyr (98—99%, Cambridge Isotope Laboratories). The
havg three tyrosine anq two tryptophan residues, Whlleqthe other procedures were the same as befbrEhe purity and
chains have three tyrosine and only one tryptophan residue. homogeneity of the isotope-labeled rHb's were verified by

We have previously reported results of labeling with Byr-  polyacrylamide (10%) gel electrophoresis under both denaturing
and Trpds!* Tryptophan contributions to the static—R and nondenaturing conditions. Their identities were also con-
difference UVRR spectrum were almost completely resolved, firmed by the electrospray mass spectroscopy (ESMS).
Isotopic Hybrid Generation. The a and 8 chains of HbA
*To whom correspondence should be addressed. and rHb were separated and assembled following standard
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Figure 1. The 229 nm excited UVRR spectra of aqueous tyrosine
and®®Ce-tyrosine (1 mM in 50 mM sodium phosphate, pH 7.4); 0.2 M
NaClO, was added as the frequency standard.

procedured® The (ouzcf), rHb was generated by reconstituting
the isotope-labeled chain and natural-abundangehain, and
vice versa for ¢f13c), rHb.

Static and Time-Resolved UVRR SpectroscopyThe ex-
perimental setup has been described in detail elsevifiére. Raman Shift (cm'1)

Protein ;amples were 0.4 mM in heme and exchanged into 50Fi ure 2. The 229 nm excited UVRR spectra of deoxy HbA. rHb
mM sodium phosphate (pH 7'4)'.0'5 mM EDTA. 0.2 M NaglO 1f“(gs-Tyr labeled rHb, and rHb labeled onl?y mor S chaing (pH 74 ‘
was used as the internal intensity standard to generate UVRRg 4 mi in heme).\V = Trp modes, Y= Tyr modes, F= Phe modes).
difference spectra. 0.2 M NaClQ, was used as the internal intensity standard. Separate
Determination of Frequency and Raman Cross Section positions are indicated for W3 from T8B87 (1550 cm*) and Trp14/
of Tyr Bands in the UVRR Spectra. Since isotope substitution ~ 515 (1558 cm?).t*
in the tyrosine residues has no effect on the tryptophan spectrum,
the strong W16 band was used as a secondary intensity standar@espite Hb having 27 phenylalanine residues, their contribution
when measuring tyrosine intensity differences between labeledto the UVRR spectrum is small because of low resonance
and unlabeled samples in the same state. This procedureenhancement at 229 nthAs expected, the UVRR spectra of
eliminated the influence of small concentration differences. the isotopic hybrids are intermediate between those of unlabeled
These normalized spectra were used to generate the differencé&nd fully labeled protein. Half the Y8a/8b intensity is shifted
spectra in Figure 4. The Y8a/Y8b region (1580660 cntl) under the W3 band, and half the Y7a intensity is shifted under
was then deconvoluted into two bands with 50% Gaussian andthe Y9a band.
50% Lorentzian shape. The Y7a band (133229 cntl) was The effect of the TR transition on the UVRR spectra of
curve-fitted similarly. Raman cross sections were calculated labeled Hb is seen in the deoxy Hb minus HbCO difference
based on the peak-heights. The cross section of C{Q.586 spectra [Figure 3]. The difference bands associated with
mbarn molecule! sr1)” was employed to calculate the tyrosine  tryptophan are the same in the fully labeled protein as in HbA

T 1 T T 1T "1
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cross sections from or rHb, except that the W3 band is perturbed by the shifted
Y8a/8b bands. This shift exposes the F8a, W1, and YWAZ18
Ory = (|Tyr/|C|oa—)(CC|o4—/CTyr) Tcio,- bands, whose contribution to the difference spectrum is seen to

be detectable, but small. Their intensities are slightly higher in
deoxyHb than in HbCO. The tyrosine difference bands for Y8a/
8b and Y7a/9a are obscured in the labeled protein because of
13C4-Tyrosine Spectral Resolution. The 229 nm-excited band overlaps.
UVRR spectrum of tyrosine [Figure 1] contains bands arising  Chain-Selective T-R Signals.The isotope hybrid difference
from the ring modes Y8a [1614 cr#, Y8b [1597 cnT?], Y7a spectra show clear differences betweeand/ chains [Figure
[1208 cn!], and Y9a [1179 cm?].18 In 13Cq-tyrosine, Y8aand  3]. To interpret these differences, we subtracted the spectrum
Y8b shift down 53 cm?, while Y7a and Y9a collapse to a single  of fully labeled protein from the spectra of the hybrids and of
broad band, centered at 1175 Ttm HbA, thus canceling out all nontyrosine contributions. These
These changes are apparent in the UVRR spectrulCaf isotope difference spectra [Figure 4] contain positive and neg-
tyrosine-labeled recombinant Hb [Figure 2]. The 1178 tPa ative bands for Y8a/8b and Y7a. There is also a slight negative
band is intensified and broadened, due to the shifted Y7a, andband for Y9a, indicating an isotope effect on the intensity of
the Y8a and Y8b bands are shifted under the strong W3 bandthis mode. The Y8a/8b and Y7a shifts are big enough to resolve
of the tryptophan residues. These shifts reveal underlying bandsthe envelopes of the bands, thereby permitting direct comparison
arising from tryptophan [W1, 1619 cri W17+W18, 1633 for the individual chains. Figure 5 shows this comparison for
cm~Y] and phenylalanine [F8a, 1604 cfy F7a, 1206 cm?]. the Y8a/8b bands. It is evident that Y8a and Y8b are both at

Results
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Figure 3. Same as Figure 2, but showing the UVRR difference spectra
between deoxy and CO forms.
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Figure 4. The 229 nm excited UVRR difference spectra between fully
labeled rHb and HbAg chain labeled rHb and chain labeled rHb, in
both deoxy and CO forms.

higher frequencies in the than in thes chains for deoxy Hb,
but not for HbCO.
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These band envelopes were used to obtain chain-selective
frequencies and intensities [Table 1] for the Y8a, Y8b and Y7a
bands, using the curve-fitting procedures described in the
materials and methods section. Corresponding values for HbA
were obtained as a consistency check. The HbA parameters are
averages oft andf chain contributions. There are systematic
differences betweenm and chains. Band frequencies are higher
[1-5 cn Y] for the . chains, as are the intensities. In addition,
T—R differences are also chain-selective. Of particular signifi-
cance are the different responses of Y8a and Y8b. Inathe
chains, these bands shift up significantly in the T state, by 2.5
and 3.2 cm?, respectively, while in th@ chains, the shifts are
much smaller, 0.5 and 0.6 crh Intensities are higher in the T
state, except that the Y8a intensity is essentially unchanged in
thea chains. This is why the Y8a-¥R difference signal [Figure
3], shows a pure sigmoidal shape for thechains, reflecting
the upshifted frequency, but a positive peak for fhehains,
reflecting higher T state intensity with little frequency change
[Figure 3].

The present results complement those reported previously for
Hb hybrids which contain tyrosinds.!* The samex, 4 chain
distinction was found for Y8a, namely intensification for {he
chains and a frequency upshift for thechains. However, the
tyrosined, frequency shift was insufficient to resolve the Y8b
band. The present data reveal an even larger T-state upshift for
Y8b than for Y8a in thex chains. On the other hand, the present
data are uninformative about Y9a, whereas a large tyratine-
shift permitted the Y9a chain contributions to be distinguisted.
Both chains showed comparable intensity losses in the T state
but different frequency shifts. Y9a shifts up 1.6 ¢hin the a
chains, but down 0.6 cni in the 8 chains, between the R and
the T stated! The frequency differences may explain why the
Y9a T—R difference signal, which remains prominent when the
B chain tyrosines are labeled witfC, disappears when the
chain tyrosines are labeled [Figure 3]. The loss in Y9a intensity
in the T state is expected to cancel the gain in Y7a intensity
[Table 1], when the latter is shifted into frequency coincidence
with Y9a.

Chain-Selective Time-Resolved SignalsTime-resolved
spectra were obtained at a 150 ns delay after HbCO photolysis
in order to maximize formation of the first intermediatge&y
in the R-T transition32° The difference spectrum for this
intermediate contains negative bands for tyrosine and tryptophan
modes [Figure 6]. When all the tyrosines are labeled Wi
the Y8a difference intensity shifts from 1614 to 1561 ¢m
where it overlaps with the W3 difference band. Also, the Y9a
difference band is broadened, as a result of coincidence with
the shifted Y7a band. The tryptophan W16 and W17 signals
remain unaltered in the labeled protein. When the isotope
hybrids are examined, the negative Y8a signals are seen to lose
about half of their intensity, consistent with comparable
contributions froma andf chain tyrosines.

The bands in the 150 ns time-resolved spectra were quantified
in the same way as the static spectra [Table 1]. The intensity
losses were 1830% for the Y8a, Y8b, and Y7a bands, with
relatively small differences between and S chains. Slight
frequency downshifts, relative to HbCO, were determined for
Y7a and Y8Db, but shifts were negligible for Y8a.

Discussion

T—R Signals.The principal features of the-TR difference
spectrum [Figure 3] are associated with the two important
aromatic residue H-bonds across tiag5, interface, namely
TrpB37-+-Aspa94 and Tyod2:--AspB399.2 These are formed in
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Figure 5. Expanded view of the Y8a/Y8b region in Figure 4, showing the pure tyrosine contribution in HbA and in the separate chains within the
tetramer.

TABLE 1: Frequency v (cm~1) and Raman Cross Section

(peak height) & (mbarn molecule™® sr~1) of Tyr Y7a, Y8a, 229 nm
©
and Y8b Bands at p: 7.4 . _ — g g §e 150ns - CO . §
T/IR NS ArdeoxyR © o s ; 5 s
HbA v8a 16151 1613.6 1.5 1613.6 0 ® 2 8 8 @
o8a 298 293 5 265 —28 | l HbA | T T
v8b 1596.8 1595.0 1.8 1595.0 0 | ’ |
o8b 98 73 25 62 -11
v7a 1208.9 12080 0.9 12078 -0.2
o7a 59 47 12 38 -9
achains v8a 1616.6 16141 2.5 16140 -0.1
o8a 319 324 -5 292 -32
v8b 15986 15954 3.2 15953 —0.1
o8b 124 99 25 89 -10
v7a 1210.8 1209.3 1.5 1208.7 —0.6
o7a 63 52 11 42  -10

pchains v8a 1614.0 1613.5 0.5 16132 -0.3
o8a 285 269 16 245 24
v8b  1593.6 1593.0 0.6 1592.7 -0.3

o8b 80 57 23 44 —13

v7a 1207.1 1206.0 1.1 12057 -0.3

ofa 60 48 12 38 —10
Tyr v8a 1614.2

o8a 284

v8b  1597.0

o8b 98

v7a  1208.8

ofa 67

I ' | ! 1 ' | ! I ! I ' I M I ' )

the T state and broken in the R state. A3 has been shown 900 1000 1100 1200 1300 1400 1500 1600 1700

via isotope labeling and mutagenesis to be responsible for most
of the T-R difference scattering associated with tryptophan

1,11 . . .

bands. . o . Figure 6. Pump-probe minus probepump UVRR difference spectra
In the case of tyrosine, the multiplicity of residues makes (pump= 419 nm, probe= 229 nm) at 150 ns time delay for CO forms

specific assignments less certain. The isotopic hybrid data makeof HbA, rHb, and isotope labeled species.

clear that thex chains are responsible for the dominantR

tyrosine difference signals, namely sigmoidal bands which partners and ©-O distances. Tyr24 has no H-bond partner,
reflect frequency shifts for Y8a, Y8b, and Y9a. Frequency shifts in either the T or the R state, and can therefore be discounted
are substantial for the chains but small for thg chains [Table as a contributor to the UVRR difference spectrum. ai40
1].711There are three tyrosine residues in thehains and three  donates an intrachain H-bond to the ¥88 carbonyl! [Figure

in the 5 chains. Table 2 lists the six residues and their H-bond 7], but the crystal coordinates show the-@ distance to be

Raman Shift (cm™)
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TABLE 2: Tyr H-Bonding Parameters from HbA calibrated for a series of H-bond accept&3he Y8b band is
Crystallographic Coordinates*< difficult to detect in UVRR spectra of Hb, because it is a
deoxy HbA> HbAO,® shoulder on the more intense Y8a, for which the frequency
partner o--X (&) partner 0-X (A) correlation with H-bonding is weaké! However, a sigmoidal

feature is consistently seen at the position of Y8b, as well as

Tyra24 none none . . -
Tyrad2  Aspi99 249/2.59 \Water 49 285 Y'8a,. in well-resolved R difference §pectra [F|gur.e 3]. A
Tyral40 Vab93 (CO) 2.68/2.67 Val93 (CO) 267 significant result of the present work is the determination of
Vala93 (NH) 2.79 the Y8b upshift, which is 3.5 cnt for the a chains. The
Tyr35  Asm126 3.33/3.09  Aspl26 3.65 magnitude is significant, and the direction is clearly contrary
Tyrf130 Va1l 2.61/2.82  Vgll 2.51 to that expected for H-bond donatiéh.
Tyrf145 Vajj98 (CO) 2.63/2.60 V@98 (CO) 2.41 o . -
Val398 (NH) 291 To explain this contradiction we originally proposeithat

Tyra42 was actually an acceptor of an H-bond frpmtonated
AspB99, but we subsequently disproved this hypothesis, since
FTIR difference spectra of*C-aspartate-labeled Hb were
inconsistent with Asp protonation in the T statdnstead, the
expected Y8a/8b downshifts must be counterbalanced by
compensating polarization of the To42 side chain from
H-bond donors or positive charges. In fact there is a H-bond
donor to Tyn42, the backbone NH of A#94, and there is
also a nearby positive charge, the side chain off&f whose
guanidium C atom is 4.34 A from the nearest ring atom of
Tyra4?2 in the R state, but moves 0.5 A closer in the T state.
This positive charge is probably the main cause of the
anomalous Y8a,8b upshifts, and is of functional significance,
since it re-enforces the Tg2-Asp99 H-bond, contributing
to T state stabilization.

\ Y With respect to theS chain contributions to the ¥R
i / difference UVRR spectrum, which are mainly intensity changes
[Table 1]} the threef tyrosine residues all have H-bond
, partners and all show some change in-O distance between
Tyra140) e the T and the R states [Table 2]. However, the-O distances

( ' are quite long [3.£3.6 A] for Tyrs35, and Nagai et a8 have
shown that replacing Tyr35 with phenylalanine or threonine has
Figure 7. Diagram of the helix arrangement around the heme pocket no detectable effect on the—R difference spectra. Conse-

of thea chain of HBCO (PDB, 2HCO}: showing the H bond between  duently, Tyi35 can be ruled out as a contributor. In another
Trpal4 and Tha67, which bridges the A and E helices, and the H-bond €xperiment, Nagai et al. found that deletion of the C-terminal
between Vak93 and Tyn140, which bridges the FG corner and the Hisf146 and Typ145 residues affected the—R difference

H helix. The arrangements are similar fdchains, except that TH15 intensities of the tyrosine bands, and suggested a specific
and Sef72 provide the AE bridge, whereas VAB8 and Tyf145 contribution from Typ1458 However, Wang and Spifdiave
bridge the FG comer and H helix. Also shown are the heme and the g\ that the quaternary contacts are weakened in this
proximal and distal histidine residuesl§7 anda58). The arrows
indicate the direction of E, F helix displacements after photodeligation ConSIrUCt_'_and are not fully restored by eﬁe_'cto_rs [IHP, protons]
as proposed in the model of the allosteric pathfay. that stabilize the T state. The T3&45 contribution cannot be

separated from weakening of the @2 quaternary H-bond.

the same in the T and R states. Notwithstanding this result, The thirds chain tyrosine, Ty$130, has not been investigated.
Nagai et aP proposed that the H-bond is weakened in the R It is H-bonded to the carbonyl of Vial1, providing a cross-
state, because they found the Y8a and Y9a frequency shifts tolink between the outermost helices, H and)Athis H-bond is
be diminished when Tyr140 is mutated to histidine. However, ~present in both the T and R states, and a small contraction of
this observation could equally well be attributed to an indirect the O--O distance is indicated by the crystal coordinates [Table
effect of the mutation on the quaternary Gyi2---Asp399 2]. In summary, the chain contributors to the tyrosine-R
H-bond. Indeed the authors repar3 cnt? upshift in the Fe- difference signals must be T3t45 and/or Ty$130, but the
histidine stretching frequency, which is a sensitive indicator of Specific contributions are uncertain.
T state constraints. They attributed this to reduced constraint Rgeoxy Signals.The 150 ns time-resolved difference spectrum
on the proximal F helix as a result of the loss of the interhelical is associated with the initial protein structure change along the
H-bond in the mutant. The reduced constraint could be com- R—T reaction coordinaté35 This spectrum contains only
municated to Tyw42, loosening its H-bond. negative tyrosine and tryptophan bands [Figure 6]. It can be

Our view is that Tya42 is responsible for the-IR frequency mimicked by subtracting the spectrum of tetraligated Hb from
shifts, consistent with the results of mutating this residue. When spectra of Hb constructs having one or more deligated chains
Tyro42 is replaced by histidifeor by aspartate (with a  within the R quaternary structufé:2426 We have called this
compensating A$99Asn mutationf! the T-R difference the Ryeoxy SPECtrum because it can be produced by removing
UVRR spectrum shows no frequency shift for Y8a, but only a one or more ligands from R-state Hb. Our hypothesis about the
slight intensification. However, the conundrum remains, as noted origin of this spectrum is that it arises from the weakening of
by Rodgers et al that the frequency shifts are opposite to those aromatic residue H-bonds between the E and A helices, on one
expected for Tym42. When tyrosine is a H-bond donor, the hand, and between the F and H helices on the other [Figure
frequencies shift down, particularly for Y8b, which has been 7].26.23This weakening results from displacements of the E and

aDeoxy HbA (1.74 A; PDB, 2HHBY?8 P Deoxy HbA (1.8 A; PDB,
1A3N)2 ¢HbAO; (2.1 A; PDB, 1HHO)®

A helix
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