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ABSTRACT. Step-scan FTIR spectroscopy with nanosecond time resolution is applied to the photocycle of
carbonmonoxy hemoglobin (HbCO). The strong CO stretching band at 19511semves as a convenient
monitor of the state of ligation. Both geminate and second-order phases of CO recombination occur at
rates which are in excellent agreement with previous visible absorption measurements, showing the
molecular mechanisms to be unperturbed by the high protein concentrations (6.7 mM in heme) required
for adequate protein signals. While the extent of photolysis (43%) was insufficient to drivetie R
quaternary transition, the protein TRIR (time-resolved infrared) difference bands-{1280 cnt?)
nevertheless reveal interesting tertiary dynamics. Most of the bands are fully developed at very early
times, possibly preceding the geminate recombination phaseQ ns). Some bands arise more slowly,
however, with a time constant of Qu, reflecting a tertiary motion which is coincident with a quaternary
motion previously detected by ultraviolet resonance Raman spectroscopy of fully photolyzed HbCO.
Relaxation of the TRIR bands is either faster< ~90 us) or slower £ = ~250us) than CO rebinding
(effective time constant of 16@s), suggesting either a distribution of tertiary processes or a chain
inequivalence in CO rebinding.

We report the first application of time-resolved FTIR availability of UV-absorbing chromophores. Infrared spec-
spectroscopy (Uhmann et al., 1991; Weidlich & Siebert, troscopy, on the other hand, responds to all molecular
1993; Plunkett et al., 1995; Hage et al., 1996) to the evolution vibrations, in proportion to the associated change in dipole
of protein structure in hemoglobin on the nanosecond to moment. Of course, this generality comes at the price of
millisecond time scale. Interest in this problem centers on |ow selectivity and sensitivity. However, the advent of high-
the issue of allostery, for which Hb is a paradigm (Perutz, precision Fourier transform (FTIR) hardware and software
1990). The tetrameric protein attains two limiting structures, permits the acquisition of difference signals down to the level
R and T (Baldwin & Chothia, 1979), which are associated of single residues in proteins (Gerwert, 1989; Engelhard et
with high- _and Iovy-affinity states. R is favored when all 3| 1985: Matele, 1993). Consequently, structeteanges
four subunits are ligated, while T is favored when they are can pe detected with high sensitivity. This capability has
unligated; the switch between them at an intermediate stagegenerated intense interest in applying FTIR techniques in a
of ligation accounts for the main features of cooperativity (ime.-resolved mode, and rapid technical advances now make
in ligand binding (Monod et al., 1965; Hopfield et al., 1971; s hossible on time scales down to nanoseconds (Weidlich
Ackers et al., 1992). But what are the molecular motions g Siebert, 1993: Hartland et al., 1992: Braiman & Roths-
that lead from one structure to another, and what are their .y 1988: Hage et al., 1996). Even faster transients can
time scales? In a more general context, what do motions in e getected with single-wavelength pulsed laser techniques,
Hb tell us about protein dynamics? which are also being applied to proteins (Chernoff et al.,

New structure-sensitive experimental probes have become, ggg. anfinrud et al., 1989: Stoutland et al., 1992; Causgrove
available which promise fresh insights into these questions. & Dyer, 1996)

Time-resolved ultraviolet resonance Raman (UVRR) spec- o )
troscopy has recently been applied to the allosteric reaction !N this first nanosecond FTIR study of Hb, [microsecond
coordinate in Hb (Jayaraman et al., 1995). This technique IR Studies had recently appeared (Causgrove & Dyer, 1993;

monitors vibrational signatures of aromatic residues, which Plunkett et al., 1995)], we apply well-established methodol-
provide in-situ probes of protein structure change. The ©9Y for transient generation of deligated protein by photolysis
UVRR data provided the first determination of the time scales Of the CO adduct. The experiment did not monitor theTR

for inter-helix motions and for the formation of inter-subunit  'éaction coordinate because the photolysis levels were
contacts. UVRR spectroscopy is limited, however, by the insufficient to induce conversion to the T state. Nevertheless

interesting and complex tertiary structure dynamics are
revealed.
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exposed to CO, separated by centrifugation in saline solution
(9 g/L), and subsequently ruptured by dilution in distilled
water. After centrifugation to separate the membrane o <
fragments, HbCO supernatant was stripped of organic 5‘9(,', @
|

=3
[1x10

phosphates by ion-exchange chromatography. The concen-
trated samples were diluted inO buffer saturated with CO
gas and then reconcentrated using Amico centrifugal con-
centrator. This procedure was repeated several times until x10
exchange of KO by DO was estimated to be greater than
98% by the IR absorption of water at 3400 ¢m The
protein was left in the BD buffer for at least 36 h to secure
complete exchange of labile protons. The final Hb concen-
tration was 6.7 mM (in heme) in 50 mM phosphate buffer
at pD 7.4 saturated with 1 atm of CO gas. <
Spectral MeasurementsThe step-scan FTIR instrument
was described elsewhere [Hage et al., 1996; for a general
description of the step-scan FTIR set-up, see Figure 2 in
Uhmann et al. (1991)]. Briefly, a Bruker IFS 88 FTIR
spectrometer with step-scan option was used. For nanosec-
ond time-resolved measurements, a 50 MHz photovoltaic
MCT detector with a built-in low-noise preamplifier was
employed. This preamplifier provides two outputs: a DC 30 s
output furnishing the static interferogram and an AC output | M A W S AN A A A
furnishing the laser-induced change of the interferogram. The
AC-coupled signal was amplified by a factor of 200 by ‘ ‘ _ . I .
another amplifier (500 MHz), in order to make use of the 1900 1800 1700 1600 1500 1400 1300
full dynamic range of an 8 bit digitizer (200 MHz). Both Wavenumbers (cri™)

AC- and DC-coupled signals were then simultaneously Ficure 1: TRIR difference spectra (HbCO minus photoproduct,

sampled, and Fourier transformation of the AC-coupled pp 7.4) at the indicated time delays between the photolysis pulse
interferogram uses the phase obtained from the DC-coupledand spectral acquisition. The30 ns trace is a control, showing
interferogram. the level of noise. The “5000” ns spectrum is the actual spectrum

The time response of the system was20 ns, as with 5 us delay, but the 50 ns spectrum is the result of co-adding

determined via the scattered 1064 nm radiation of the 9 ns e 1St 1 10 ne time sices, i order fo mprove sgnalinose;
laser pulse of a Nd:YAG laser. Transient difference FTIR minus deoxyHb [labeled RT; see Gregoriou et al. (1995) for
spectra from—60 to 940 ns were recorded at 10 ns intervals. experimental details], scaled to the amplitude of the TRIRband
One-sided interferograms with 1141 mirror positions were attime zero. The intense CO stretchingl band (1951 and 1969 cm
collcted to obtain 4 cn specral resoluon with spectral [0Sy Substtes; 1907 enor 0 setellte moniors
window of 2056-850 cm™. At each mirror position 30 fom vibrations of the protein. The-SD band (1857 cmi) is
signals were averaged in order to increase the signal/noiseexpanded 10-fold in the inset.

ratio, resulting in a total data collection time ofL h per ) )
experiment. Data from five successive 1-h scans were SPectra AA) were calculated as previously described (Uh-
averaged for further signal/noise improvement. mann et al., 1991). _

The second harmonic emission (532 nm) of a Q-switched Since the mea_lsured time response of the instrument was
Nd:YAG laser (9 ns pulse width, 10 Hz) was used as the about 20 ns, pairs of 10_ ns time _shc:_as were (_:o-added and
pump laser. The laser power was typically 7 mJ/pulse taken as single (_jata points for k|net|c_ analysis of the _CO
focused to a~7 mm spot. The temperature of the sample stretching bands in th_e nanoseconq regime. The Iqwer S|gnal
was kept at 22+ 1 °C during the experiments. Heating strength of the protein bangis rgquwed ten 10-ns time slices
effects are minimal because of good thermal conduction to t© be co-added. The first six slices (fror60 to 0 ns) were
the windows of the IR cell; no protein depletion was detected ¢0-2dded and taken as the30 ns time-resolved infrared
even after 6 h of iradiation. Cafvindows were used to  (TRIR) spectrum. In the microsecond time regime, however,
give unobstructed access to the spectral window above 120010 co-addition was necessary.
cm? the_lr_transpar(_ancy in the V|s_|ble region also permitted RESULTS AND DISCUSSION
the acquisition of visible absorption spectra of the loaded
FTIR cell to check the sample integrity. In order to keep  Overview of the Time-Resabd Spectra. The TRIR
the IR absorption of the most intense band below 0.9, 15 difference spectra (HbCO minus the photoproduct) show
um spacers were used, ensuring that the IR detector operatestrong CO stretching bands at 1951 ¢nand a series of
within its linear region. protein-associated bands below 1700 éifFigure 1). The

The microsecond time-resolved measurements were per-spectral quality is high enough to permit detection of the
formed similarly. A 200 kHz 16 bit digitizer was used and satellite 13CO stretching band (1907 cry 1.08% natural
a DC-coupled step-scan run was conducted first without abundance) as well as the small amount of Ajesubstate
excitation of the sample. The phase was stored and then(1969 cn1®; Ormos et al., 1988; Potter et al., 1990) present
used for the Fourier transformation of the AC-coupled at neutral pH.
interferograms. The transient difference FTIR spectra from  The protein bands bear some resemblance to those seen
5 us to 1 ms were recorded atus intervals. Difference  in the static HbCO minus deoxy Hb FTIR spectrum (Figure
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Ficure 2: Progress of the TRIR difference spectra over the first g re 3: Progress of the TRIR difference spectra over the first

microsecond after photolysis at the following delays30, 50, 150, pjjlisecond after photolysis at the following delays: 5, 25, 50, 100,
250, 350, 450, 550, 650, 750, and 890 ns. Each spectrum (except150’ 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 600, 800,

1000

Absorbance Change
Absorbance Change

0

Time (ns) Time (us)

—30 ns) was obtained by co-adding ten 10 ns time slices. and 90Qus. The absorbance scale is expanded relative to Figure 2,
1, top), but there are also distinct differences. These In order to show the decays more clearly.

differences reveal features unique to the T state (deoxyHb), T

inasmuch as the extent of photolysis in this study is too low

to permit the photoproduct to evolve to the T state (43%, 40 - 7]

see below). The absence of a well-resolved bisignate band

at 1857 cm? (see inset, Figure 1) in the TRIR spectra -T=o0ns

confirms the absence of T state molecules. This band results

[} - -
from a shift in the S-D stretching frequency of Cyg104 E 30
and represents an important monitor of quaternary structure ¥
(Alben & Bare, 1980; Gregoriou et al., 1995). Of particular >°><’
note are the absence of a negative band at 1693 tnhe g 2 r 7]
transient difference spectra and the presence of a band at <

1683 cml. The negative 1693 cm band in the R-T
difference spectrum has been tentatively assigned (Gregoriou 10
et al., 1995) to the €0 stretch of the Asp99 carboxylate

group upon protonation in the T state. This band was found

to be missing in the T state of Hb Kempsey, a mutant in

which Asp399 is replace by Asn. lIts absence in the TRIR 0
spectra is consistent with the expected absence of388p 10 100 1000
protonation in photolyzed R state molecules. The 1683'cm
TRIR band might be due to the=€D (amide I) vibration of FiGURE 4: Kinetics of recombination of CO to photolyzed HbCO
a primary amide side chain, of Asn or GIn. The frequency obtained from quantitation of the bound CO stretching band

ic hi i i amplitude. They-axis is the fraction of deoxy-heme in the sample
is higher than expected for backbone amide bonds in Hb (6.7 mM). The dotted line is a bi-exponential fit to the data, with

(Byler & Susi, 19,86)' The Hb Kempsgy—RI’ diﬁere_nce time constants = 50 (+5) ns andr = 160 (+10) us. The solid
spectrum (Gregoriou et al., 1995) contained a negative 1680jine is a fit using the single-exponential equatips a + b exp-
cm! band, which was suggested to arise from H-bond (—kgent) for the rapid phase wita = 0.27,b = 0.16, andrgen =
changes in the Asf99 side chain upon conversion to the T 1/Kgem= 50 (&5) ns. The photolysis yield is calculatedas b =

state. It is possible that a different Asn or a Gin side chain 43%. and the geminate rebinding yieldgs= b/(a + b) = 37%.
For the slow phase the solid line is a fit using the second-order

undergoes a change in its environment when the CO is o — _ _ ;
photolyzed, accounting for the 1683 chifRIR band. As Sfiaté‘_’% :fﬁ%{rLlMJT%g ?,oe]fuxé) (Ok(zinz?l;zné% &13’51% ,Yﬂvﬁrf
will be seen, this band relaxes with a faster rate than mosts™?, and the free CO concentration before photolysiSds = 0.91
of the other protein bands. These other bands are at(£0.15) mM (in agreement with the solubility at 1 atm pressure).
frequencies corresponding to various main chain and side . ) ]
chain vibrations of the protein (Gregoriou, 1995), but because constant over the first microsecond and then decays in the
of the spectral congestion, assignments are purely conjecturafourse of the first millisecond. The protein peaks decay on
at this stage. the same time scale (albeit at different rates, see below), as
Al of the protein bands in the 50 ns TRIR spectrum are the Hb is returned to HbCO, the starting point of the
still present at 5is (Figure 1), but there are additional bands Photocycle.
(e.g., 1622, 1590, 1459 cHj in the longer time spectrum, CO Recombination KineticsThe concentration of heme-
showing that there is evolution of the protein structure on bound CO is readily quantitated by normalizing the CO
the microsecond time scale. The time course of the TRIR stretching peak to that of HbCO. The time course of this
spectra is shown in Figures 2 and 3 (note the 2-fold ordinate concentration is plotted in Figure 4 as the fraction of deoxy-
scale expansion in Figure 3). Itis apparent that the CO peakheme in the sample. The initial relaxation is accurately fit
initially decreases to an amplitude that remains nearly by a single exponential with a time constant of 50 ns (Table

k=2.8x10° M s

6

10* 10° 10
Time (ns)
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Table 1: Kinetic Constantsr(in us) from TRIR 001z P T
geminate rebinding 0.0% 0.00% . .
1590 cnt! growth 0.4+ 0.2 0.01 = . - — 7]
1683 cn1t decay 90+ 10 :
second-order rebinding ~160+ 1¢¢ | |
1622 e decay 250k 20 s 0.008
1590 cntt decay 220t 20 = 7 =50 ns (1683cm’)
1545 cn1t decay 240+ 20 0.006 F i
1459 cnTt decay 270k 20 g -
1415 cntt decay 280+ 30 = i a
aThe uncertainty is the standard deviation from the data fitting. :I’) 0.004 7]
b Compare 0.044 from Hofrichter et al. (1983)Compare 0.91 for =
tertiary transient from Hofrichter et al. (1983)Best exponential decay = 0.002 F ; _
fit; the second order rate constant is (2:80.2) x 10° M~1 s, ) 7=0.4 ps (1590cm’’)
0 L -
1). This value is in excellent agreement with that obtained
by Hofrichter et al. (1983), who analyzed the time evolution e
of the heme absorption spectrum. It is also within experi- ~ -0:002 o 200 400 600 800 1000
mental error £20 ns time resolution in each experiment) of Time (ns)

the 20 ns value obtained by fitting time-resolved visible and
UV resonance Raman spectra (Jayaraman et al. 1995). Usind!GURES: Growth of the indicated TRIR bands in the nanosecond
the exponential dependence, we calculate the initial degree/€9ime- The solid lines are exponential fits with the indicated time
- >~ “constants. For the 1683 cihband (and most of the other protein

of photolysis to be 43%, from the heme-CO concentration ans) the rise time may be faster than 50 ns.
at zero time.

This first relaxation is the geminate phase of the CO measurements on MbCO (Mb myoglobin) (Causgrove &
recombination (the recombining CO molecules have not left Dyer, 1993; Plunkett et al., 1995).
the protein, and the rate is independent of CO concentration; Kinetics of Protein Conformational ChangedVhen the
Hofrichter et al., 1983). The geminate yield as determined protein TRIR bands are examined, most of them are present
from the plateau in Figure 4 is 37%. This is somewhat lower in the earliest spectra, but some evolve more slowly. For
than the~50% geminate yield obtained under conditions of example, the 1590 cm negative band is not present in the
100% photolysis (Hofrichter et al., 1983; Jayaraman et al., 50 ns spectrum (Figure 1), but grows in with a time constant
1995; Scott & Friedman, 1984), but it cannot be excluded of 0.4 us (Figure 5). This value is not far from the Q.8
that this modest difference might be due to non-constancy optical transient observed by Hofrichter et al. (1983), and
of the IR absorptivity, i.e., geminately rebound CO might attributed by them to a tertiary conformation change. It is
have a lower absorptivity, because of alterations in the proteinalso coincident with the 0.bs UVRR transient (Jayaraman
environment, than does CO in the HbCO ground state. et al., 1995), which was assigned to an intermediate (S) in

Assuming the 37% value to be correct, only 27% of the the R—T pathway. This transient was suggested to arise
heme groups remain unligated at the end of the geminatefrom rotation of the subunits to their T state positions, since
phase. This means that each Hb tetramer contains onehe UVRR spectrum of S showed all the signals, albeit
deoxy-heme, on average. Since two or more deoxy-hemesattenuated, that are associated with the T state contacts.
are required for the protein to switch to the T state (Baldwin, Likewise the circular dichroism spectrum of this intermediate
1975; Ackers et al.,, 1992), it is clear that most of the has recently been reported to resemble that of the T state
molecules do not undergo this conversion and that the TRIR (Bjorling et al, 1996). The simplest interpretation of these
spectra represent mostly R state tetramers. data is that CO photodissociation leads to a submicrosecond

The second phase of the relaxation is on the millisecond tertiary change, which impels the quaternary rearrangement
time scale, and reflects second order recombination of COin those tetramers that are committed to this process by virtue
molecules from outside the protein. The rate is known to of the number of deoxy-hemes.
depend on the CO concentration (Hofrichter et al., 1983; In contrast to the 1590 cm band, the intensity of the
Sawicki & Gibson, 1976), and it can be seen in Figure 4 1683 cni! band (Figure 5), and of most of the other TRIR
that the best fit to an exponentiat & 160 us) deviates bands, is essentially fully developed in the earliest spectra.
systematically from the data. The deviations reflect the fact The data are not accurate enough to establish whether this
that because of the high heme concentration (6.7 mM), anddevelopment precedes the 50 ns geminate recombination
the low CO solubility ¢1 mM at 1 atm pressure), the process (see Figure 5). The first UVRR-detectable protein
reaction conditions are not first order. An excellent fit is structure change (Jayaraman et al., 1995) was found to be
obtained for a second-order reaction, with a rate constant ofcoincident with geminate recombination (and with escape
2.8 x 1°* Mt s L. This value is in good agreement with  of the remaining CO molecules from the heme pocket), and
the value 6x 10° M~ s7! obtained by Hofrichter et al.  the TRIR bands may be responding to this process. It is
(1983) under conditions of low photolysis (22%), and it is likely, however, that earlier events also contribute to the
in the range expected for R state Hb (DeYoung et al., 1976; TRIR difference spectra; induced IR absorptions in the amide
Sawicki & Gibson, 1976). | regime with 6-8 ps rise time have been found in Mb

These results are important in showing that the TRIR (Causgrove & Dyer, 1996). The present data include spectral
technique gives clean kinetics which are in quantitative scans with 10 ns time intervals, but the signal/noise required
agreement with other methods, despite the much higherco-adding ten intervals in order to be confident about the
protein concentration required for FTIR spectroscopy. Good protein peaks. It will be an important objective of future
second-order kinetics have also been reported from TRIRwork to improve the early time signal quality in order to
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LI L L of protein structure change are also detected via selected
protein bands. One of these € 0.4 us) signals a tertiary
change that may also be involved in the quaternary rear-
rangement of fully photolyzed molecules. By simultaneously

T=250pus (1622 cm’) monitoring many parts of the protein as well as the ligation
V4 - state of the heme, the TRIR spectra reveal a rich array of
protein dynamics in Hb.
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