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Pulse-probe transient Raman spectroscopy, with probe excitation at 230 nanometers, 
reveals changes in signals arising from tyrosine and tryptophan residues of the hemo- 
globin molecule as it moves from the relaxed (R) to the tense (T) state after photodeli- 
gation. Signals associated with intersubunit contacts in the T state develop in about 10 
microseconds but are preceded by quite different signals, which reach maximum am- 
plitude in about 50 nanoseconds. These signals involve the interior tryptophan residues 
that bridge the A and E helices by means of H bonds between the indole rings and serine 
or threonine side chains. Alterations of the H bond strengths, as a result of interhelix 
motions, can account for the signals. A model is proposed here in which loss of the ligand 
from the heme binding pocket is concerted with inward motion of the adjacent E helix; 
this motion, along with a complementary motion of the proximal F helix, transmits the 
energy associated with heme deligation to the subunit interfaces, leading to the T state 
rearrangement. 

T h e  hemoglobin (Hb) molecule offers a 
convenient experimental system for the 
study of conforlnational motions in pro- 
teins. Crystal structures of ligated and unli- 
gated forms of the protein reveal multiple 
differences at both tertiary and quaternary 
levels (1, 2). These structures are associated 
with the high- and low-affinity states R and 
T ,  which account for the main features of 
cooperative ligand binding (3-7). The 
pathway between these states has been the 
obiect of much research. but a molecular- 
1e;el description of the ' R-T interconver- 
sion has been elusive. Because of cooDera- 
tivity, intermediate states have low popula- 
tions at eauilibrium and must be accessed 
through protein modification or by kinetic 
metllods. When the carbon monoxide ad- 
duct, HbCO, is photolyzed, the C O  mole- 
cules are released from the heme in a frac- 
tion of a picosecond (8, 9) ,  providing an 
opportunity to lnonitor the relaxation of 
the protein.from the R to the T state. This 
relaxation is accompanied by small changes 
in the heme optical absorbance, from which 
time constants of 0.05, 0.7, and 18 ps have 
been extracted (10). , , 

W e  have used transient resonance Ra- 
man (RR) spectroscopy to obtain struc- 
tural information about the relaxation 
pathway (1 1 ). Laser excitation at 230 nm 
provides resonance enhancement of vi- 
brational Raman bands of tyrosine (Tyr) 
and tryptophan (Trp)  side chains (12, 
13), which serve as monitors of the local 
environment. When static spectra for 
HbCO and deoxyHb are compared, the 
difference spectrum, shown at the top of 
Fig. 1, shows numerous features, which 
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have been tentatively identified (1 1 )  as 
arising from the Tyro142 and Trpp37 res- 
idues. These residues form specific hydro- 
gen bonds ( H  bonds) across the a,@, 
subunit interface in the T state, which are 
broken in the R state (1) .  The  transient 
difference spectra, obtained by subtract- 
ing the HbCO spectrum from the spec- 
trum of its photoproduct at variable pulse- 
probe time delays, show the same signals 
(1 1)  growing at about 10 ps (Fig. 1 )  
during the last phase (10) of the protein 
relaxation. 

W e  now report a different set of signals 
at much earlier times, whose intensity 
reaches a maximum at -50 ns (Fig. I ) ,  on 
the same time scale as the first relaxation 
phase found in the transient absorption 
data (10). Intriguingly, almost the same 
difference spectrum can be generated by 
subtracting the static RR spectrum of fully 
ligated Co,Fe hybrid (14) H b  from that of 
the half-ligated hybrid. (These species are 
obtained, respectively, by ligation with 
O,, which binds to both metals, and by 
CO,  which binds only to Fe.) In the 
spectral comparison (Fig. 2), the differ- 
ence spectrum is essentially the same for 
the two hybrids, obtained by replacing Fe 
by Co  in either the a or the p chains. The  
substitution of Co  for Fe destabilizes the T 
state, because in the absence of ligand the 
C o  is displaced from the heme plane to a 
smaller extent than is Fe (15). Although 
the doubly ligated Co,Fe hybrids have 
been found to crystallize in the quaternary 
T structure (1 6) ,  the thermodynamic data 
of Ackers and others (7)  strongly indicate 
that the solution state is R. Likewise, the 
position of the Fe-His band in the visible 
excitation RR spectrum indicates that the 
doubly ligated hybrids are in the R state 
unless inositol hexaphosphate is added 
(17). ( I t  is possible that the high salt 

concentration used for crystallization 
shifts the structure to T . )  W e  interpret 
the Co,Fe difference spectra as reflecting 
tertiary changes within the R state that 
result from the loss of lieand from half of - 
the chains. Likewise, the 50-ns difference 
spectrum for the native HbCO photo- 
product must reflect tertiary changes 
induced by deligation, before the R-T 
conversion. 

Significantly, however, the early differ- 
ence spectrum is not formed immediately, 
but has a -50-11s rise time, even tl~ough 
deligation occurs in less than a picosecond 
(8, 9). About half of the pl~otodissociated 
C O  molecules recombine geminately ( l a ) ,  
and the time constant for this process is also 
-50 ns (10. 19). The rest of the C O  escaues ~, , 

from the binding pocket and must do so on 
the same time scale. Consequently, we infer 
that the 50-11s RR difference spectrum re- 
flects a tertiary change that accompanies 
emptying of the binding pocket, rather than 
deligation per se. 

Fig. 1. Ultraviolet RR difference spectra obtained 
with excitation at 230 nm. The parent spectra were 
obtained by means of 135" backscattering from a 
stirred spinning quartz tube (I I ) ,  with the use of a 
frequency-doubled XeCl excimer-pumped dye la- 
ser. Scattered light was collected with an fll Casse- 
grain mirror and coupled into a 1.25-m single spec- 
trograph equipped with a grating (3600 grooves per 
millimeter) and into an intensified diode array detec- 
tor. Subtraction of the parent spectra was carried 
out by zeroing the 985 cm-' band of NaCIO,, 
present in the solutions at a concentration of 0.2 M. 
The top trace is the static difference spectrum be- 
tween deoxyHb and HbCO; the remaining traces 
are pulse-probe difference spectra for HbCO, at the 
indicated delays with respect to a 41 9-nm photoly- 
sis pulse from a second excimer-pumped dye laser. 
The -10-ps trace (bottom) shows the level of sub- 
traction artifacts. 
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What is the nature of this tertiary 
change? A key is the position of the Trp 
W3 mode (13), near 1555 cm-'. In the 
static and 10-p,s difference spectra, a posi- 
tive W3 band is seen at 1550 cm-', whereas 
in the 50-ns difference spectrum a negative 
W3 band is seen at a shifted frequency, 

W3 (internal) 
Hb A (50ns transient) 1 559 

;r?'"""""Jy (pligated -fully ligated) 

(a-ligated -fully ligated) 

i 

Raman shift (cm-l) 

Fig. 2. Comparison of the 50-ns transient differ- 
ence spectrum with static difference spectra of 
doubly ligated (CO adduct) minus fully ligated (0, 
adduct) of Co,Fe hybrid Hb, with Co substituted 
for Fe in the a chains (bottom) or in the p chains 
(middle). The hybrid Hb was prepared by a varia- 
tion on the method of Ikeda-Saito et a/. (14). 
Spectra were acquired as described in Fig. 1. 

Fig. 3. Diagram of the h e  
lix arrangement around 
the heme pocket of the a 
chains of HbCO (31, 
showing the H bond be- 
tween Trpal4 and 
Thra67, which bridges 
the A and E helices, and 
the H bond between 
Vala93 and Tvml40. 
which bridges the F-G 
comer and the COOH- 
terminus. The rearranae- 

1558 cm-'. The two frequencies are asso- 
ciated with different residues, the interfacial 
Trpp37 at 1550 cm-' and the interior 
Trpal4 and Trppl5 at 1558 cm-', as has 
been established (I  I )  with the aid of the 
mutant Hb Rothschild, which lacks 
Trpp37. The frequency variation is associ- 
ated with altered dihedral angles, X 2 v ' ,  

about the bond connecting the indole ring 
with the p carbon atom (1 l ,20).  Thus, the 
50-ns difference signals are associated with 
the interior Trp residues. 

The Trpal4 and Trppl5 residues are 
located on the A helices of the two subunits 
but form H bond interactions with the side 
chain hydroxyls of Thra67 and Serp72, 
located on the E helices and which line the 
distal sides of the heme binding pockets, as 
illustrated for the a chains in Fig. 3. The 
negative Trp peaks in the 50-ns difference 
spectrum, as well as in the Co,Fe difference 
spectra, indicate a loss in H bond strength 
of the indole NH, an effect known (I I )  to 
blue-shift the Trp excitation profile, result- 
ing in diminution of the Raman intensity at 
230 nm. Weakening of this H bond would 
be consistent with the E helix shifting its 
position toward the heme group and away 
from the A helix. The similarity of the two 
Co,Fe hybrid spectra indicate that both 
chains experience the same E helix motion. 
Because the negative peak at 1558 cm-' is 
missing in the later pulse-probe difference 
spectra, we infer that the A-E helix separa- 
tion is a transient phenomenon in native 
Hb. Comparison of the HbCO and de- 
oxyHb crystal structures ( I )  reveals a dis- 
placement of the E helices toward the 
hemes, as indicated by the arrows in Fig. 3, 

ments are similar for the p 
chains, except that ~ala93 
Trppl5 and Serp72 pro- 
vide the A-E bridge, 
whereas Valp98 and 
Tyrp145 bridge the F-G 
comer and the COOH- 
terminus. The arrows indi- 
cate the direction and rel- 
ative magnitudes of the 
helix displacements in de- 
oxyHb, relative to HbCO 
(1). We propose that departure of the ligand from the heme pocket, subsequent to photodeligation, is 
associated with E helix motion toward the heme in concert with the indicated F helix motion, leading to the R-T 
rearrangement of the subunits. 

but the Trpal4 and Trppl5 H bonds are 
not much affected. We infer that the E 
helix motion initially weakens the H bonds, 
but they are restored on the microsecond 
time scale by a following motion of the A 
helices. The early E helix motion is con- 
certed with departure of the CO from the 
binding pocket. 

Previous discussions of the structural 
dynamics of the R-T transition have been 
dominated by consideration of the F helix 
that is proximal to the heme. Comparison 
of HbCO an4 deoxyHb crystal structures 
shows a -1 A lateral shift of the F helix, 
across the face of the heme (see arrows in 
Fig. 3), bringing the carboxyl side chains 
of Aspp99 and Aspa94, located at the 
F-G helix corners, into position to form H 
bond contacts across the alp,  interface 
with the critical residues Tyra42 and 
Trpp37 ( I ) .  Gellin and Karplus (21) car- 
ried out molecular mechanics simulations 
along a minimum energy pathway be- 
tween the static crystal structures and 
focused on the F helix and F-G corner as 
the "allosteric core" of Hb. Our results 
indicate, however, that there is a well- 
defined intermediate structure, involving 
E helix displacement, which is distinct 
from the equilibrium-ligated and deoxy 
structures. It is reasonable that the E and 
F helices form a dynamical unit, because 
they are linked at the E-F helix corner 
and they interact directly with the distal 
and proximal heme ligands, respectively. 

These data are in fact consistent with 
early motion of the F, as well as the E, helix 
because the 50-ns transient species is char- 
acterized by a Tyr Y9a difference band (Figs. 
1 and 2), as well as the Trp difference 
bands. A change in the environment of one 
or more Tyr residues is indicated. The most 
likely candidates are Tyral40 and Tyrp145, 
which are H-bonded to the carbonyl oxy- 
gens of Vala93 and Valp98, respectively 
(I);  these Val residues are located at the 
F-G comers. 

We propose a model of the R-T reac- 
tion coordinate that starts with deligation 
of the heme and the simultaneous move- 
ment of the Fe atom toward the proximal 
His residue (22). These displacements, 
which can be induced photolytically on 
the subpicosecond time scale, induce 
strain in the E and F helices. Relief of this 
strain occurs by means of a concerted 
motion of the two helices in a "scissor- 
ing" motion (arrows in Fig. 3). The dis- 
sociated ligand departs from the heme 
pocket during this motion. 
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Zea mays Involved 
Growth Hormone 

Indole-3-Acetic Acid 
Jedrzej B. Szerszen, Krzysztof Szczyglowski, 

Robert S. Bandurski* 

Plants contain most of the growth hormone indole-3-acetic acid (IAA) in conjugated forms 
believed to be inactive in promoting growth. The iaglu gene, which controls the first step 
in the biosynthesis of the IAA conjugates of Zea mays, encodes (uridine 5'-diphosphate- 
glucose:indol-3-ylacety1)-p-D-glucosyl transferase. Protein synthesized by Escherichia 
coli that contained cloned 1 -0-p-D-indol-3-ylacetyl-glucose complementary DNA (cDNA) 
was catalytically active. The predicted amino acid sequence of the cDNA was confirmed 
by amino-terminal sequencing of the purified enzyme. Homologous nucleotide sequences 
were found in all plants tested. The blockage or enhancement of iaglu expression may 
permit regulation of plant growth. 

A11 plants examined thus far contain most 
of the growth hormone IAA in a conjugat- 
ed, presumably inactive, form (1-3). Plants 
exhibit a growth response to applied free 
(unconjugated) IAA, and there is evidence 
that growth rate is a function of endogenous 
free IAA concentrations (4). These results 
indicate that growth is limited and con- 
trolled by the amount of free IAA. In con- 

IAA conjugates have been chemically char- 
acterized (1, 7). Because of the rapidity of 
conjugate synthesis and hydrolysis in vivo, 
the function of IAA conjugates has been 
difficult to study (2). The ability to aug- 
ment or impair IAA conjugation may lead 
to a better understanding of the physiology 
of hormone conjugation and to methods for 
control of plant growth. Therefore, we 

cloned the iaglu gene, which encodes the 
first step in the IAA conjugation pathway. 

In corn (2. mays), the pathway to the 
conjugates begins with the synthesis of 1-0- 
P-D-indol-3-ylacetyl-glucose (IAGlu) from 
uridine 5'-diphosphate-glucose (UDPG) 
and IAA, catalyzed by the enzyme IAGlu 
synthetase (UDPG:indol-3-ylacety1)-P-D- 
glucosyl transferase (Fig. 1) (8 -1 0). 

IAA + UDPG = IAGlu + UDP 

IAGlu is an acyl alkyl acetal, and its energet- 
ically unfavorable synthesis is followed by an 
energetically favorable transacylation of IAA 
from IAGlu to myo-inositol (Fig. 1) (1 1 ). 

We used polyclonal antibody (1 0) pu- 
rified by affinity chromatography to 
screen a cDNA expression library made 
from polyadenylated RNA extracted from 
W64Af inbred corn endosperm tissue 
collected 18 days after pollination. The 
library was constructed in a lambda ZAP 
I1 vector (Stratagene) (1 2). After ampli- 
fication, it contained 4.2 X lo8 plaque- 
forming units. Eight positive clones were 
identified from among 1.5 x 10". coli - 
XL-1 Blue plaques containing isopropyl- 
P-D-thiogalactopyranoside (1PTG)-in- 
buced f-galactisidase fusion proteins 
with an immunoglobulin G secondary an- 
tibody conjugated to alkaline phosphatase 
(13). Positive cDNA inserts were excised 
with R408 helper phage and recircular- 
ized to generate subclones in the pBlue- 
script S K  phagemid vector (14). Both 
strands of the largest insert [clone 3, 173 1 
base pairs (bp)] were sequenced (15). The 
sequenced clone carried an open reading 
frame of 1413 nucleotides that coded for 
471 amino acids (Fig. 2 )  (16). The open 
reading frame was rich in G and C nucle- 
otides (C + G = 69.7%). - , 

A portion of the purified enzyme was 
chromatographed on a CI8 1-min by 250- 
mm high-performance liquid chromatogra- 
phy (HPLC) column with 0.1% trifluoro- 
acetic acid (TFA) as the solvent and a 
gradient of 90% v/v acetonitrile-water con- 
taining 0.85% TFA. Protein degradation 
occurs ( lo) ,  but the single major peak was 
collected for amino acid sequencing of the 
NH,-terminal end. The 18-amino acid se- 
quence obtained was MAPXVLVVPF- 

trast, the conjugates appear to serve func- 
tions other than growth ~romotion, such as 
IAA transport 75)) p;otection Of IAA Fig. 1. Metabolic reactions that affect the 
against ~eroxidative attack (6), storage of concentration of IM in Z. mays. (a) Revers- 
IAA in seeds ( 1 ,  7), and hormonal ho- ible synthesis of 1 -0-IAGlu 
meostasis (4). Both ester- and amide-linked UDPG (9, 23); (b) enzymatic 

1 -0-IAGlu (9, 23); (c) enzymatic hydrolysis 
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Lansing, MI 48824, USA. transacylation of IMfrom 1 -0-IAGlu to form UDP Gal 7-OH-OxlAA 
K. Szczyglowsk~, Michigan State University-Department the transport ester, IAlnos, and results in 
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University, East Lansing, MI 48824, USA. (7, 8,  1 1  ); and (e) IM may also be conjugat- 
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