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ABSTRACT. The recombinant two-on-two hemoglobin from the cyanobacte®@ymechoccocusp. PCC

7002 (S7002 rHb) is a bishistidine hexacoordinate globin capable of forming a covalent cross-link between
a heme vinyl and a histidine in the C-terminal helix (H helix). Of the two heme axial histidines, His46
(in the E helix, distal side) and His70 (in the F helix, proximal histidine), His46 is displaced by exogenous
ligands. S7002 rHb can be readily prepared as an apoglobin (apo-rHb), a non-cross-linked hemichrome
(ferric iron and histidine axial ligands, rHb-R), and a cross-linked hemichrome (rHb-A). To determine
the effects of heme binding and subsequent cross-linking, apo-rHb, rHb-R, and rHb-A were subjected to
thermal denaturation aritH/°H exchange. Interpretation of the latter data was based on nuclear magnetic
resonance assignments obtained with uniforil and*3C *N-labeled proteins. Apo-rHb was found to
contain a cooperative structural core, which was extended and stabilized by heme binding. Cross-linking
resulted in further stabilization attributed mainly to an unfolded-state effect. Protection factors were higher
at the cross-link site and near His70 in rHb-A than in rHb-R. In contrast, other regions became less
resistant to exchange in rHb-A. These included portions of the B and E helices, which undergo large
conformational changes upon exogenous ligand binding. Thus, the cross-link readjusted the dynamic
properties of the heme pockéH/?H exchange data also revealed that the B, G, and H helices formed a
robust core regardless of the presence of the heme or cross-link. This motif likely encompasses the early
folding nucleus of two-on-two globins.

Over the past several years, the number of sequencedn-three topology of the vertebrate globidg); In the bound
globin genes has increased dramatically. With the new data,state, the heme iron has one axial ligand from the protein
a comprehensive phylogenetic analysis has revealed thredproximal histidine, in the F helix) and one exogenous ligand
lineages of globins: one domain, two domain, and truncated on the opposite side of the heme (distal side, defined with
or two-on-two (). Many of these proteins are expected to the E helix). All investigated examples of two-on-two globins
provide insight into the functional roles of ancient globins, contain one heme group tightly associated with the protein,
which were likely different from oxygen delivery and storage. and the affinity for @ and CO is high 11).

Among the most promising in this regard are the two-on-  Two-on-two globins present noteworthy structural features.
two globins, for which genes are found in all three kingdoms These include distal hydrogen-bond networks stabilizing the
of life. A majority of identified examples occur in pathogenic  pound state of @ or cyanide {2, 13), ligand tunnels
bacteria. In some cases, the products have been implicatedacilitating exogenous ligand access to the heme gradp (

in the defense of the organism from the NO liberated by the 15), bishistidine hexacoordination of the heme ird6¢
host immune systen2{-4). Two-on-two globins are also  18), and hemeprotein covalent cross-linking1, 20).
found in cyanobacteria, and in instances of nitrogen-fixing Sequence comparisons divide two-on-two globins in three
species, a function as an oxygen scavenger has been proposestthologous groups (1 or N, Il or O, and 1l or P$,(21) and

5. suggest that distal networks exist throughout the two-on-

The two-on-two globin domain has a primary structure two globin family. Access tunnels, in contrast, are conspicu-
shorter than that of the canonical vertebrate globin by 20 gys principally in group | proteins. The last two properties,
40 residues, which led to the original name of “truncated which have been observed only in certain cyanobacterial

hemoglobin” €). Vertebrate globins contain up to eight proteins, highlight the chemical diversity of this ancient
helices (A-H). Sequence alignments show that the truncation family.

in the two-on-two proteins occurs through a missing D helix Synechococcusp. PCC 7002 (S7002ndSynechocystis
and an abbreviated A helix(8). The first three-dimensional sp. PCC 6803 (S6803) are non-nitrogen-fixing cyanobacteria
structures of representative members of the family revealedthat contain group | two-on-two globins capable of cross-
a two-on-two orthogonal bundI®)reminiscent of the three- linking the heme group. This linkage occurs through the

reaction of His117, a residue located in the H helix, and the
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MCB-0349409 and NASA Grant NNGO4GN33H (to D.AV.). o carbon of the heme 2-vinyl group. The cross-link increases
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forms two heme-protein thioether bridges via the vinyl prepared rHb-A solution was added a 20-fold molar excess
groups and cysteines, the functional importance of the cross-of deferoxamine mesylate to remove iron resulting from
link in cyanobacterial hemoglobins (Hbs) has not been heme breakdown; the mixture was allowed to incubate
established. Aside from simply preventing cofactor loss, a overnight and was purified over a Sephadex G-25 column.
cross-link may protect a protein from deleterious modifica- Isotopically labeled proteins were also prepared as previously
tion, as proposed for certain mammalian peroxidag®s (  described 20), with minor protocol modification. Fot>N
it is also possible that cross-links serve to modulate exog- growths, the apoprotein was purified from the inclusion
enous ligand binding by adjusting the properties of the axial bodies, whereas a mixture of apo- and holoproteins was
histidines, an effect worth investigating for its potentially extracted from the soluble cell fraction and fully reconstituted
broad implications in hemoprotein chemistry. with hemin. In'3C >N growths, minimal protein was found
Three-dimensional structures of the non-cross-linked S6803in inclusion bodies and, therefore, extraction was limited to
protein [recombinant heme-reconstituted hemoglobin (rHb- the soluble cell fraction. The apoprotein was separated from
R) (23)] and cross-linked S6803 protein [recombinant the holoprotein on a (diethylamino)ethyl (DEAE) anion-
hemoglobin with covalently linked heme (rHb-A34)] have exchange column with 0.4 M NacCl gradient elution and
been solved by solution and solid-state methods, respectively further purified on a size-exclusion column. The yield of
A comparison of nuclear magnetic resonance (NMR) spectral uniformly 13C **N-labeled preparations was 8 mg of protein
properties supports that covalent heme attachment causedor a 2 L growth, whereas that of uniforml{#N-labeled
local structural perturbation®2@). The minor differences  preparations was 1214 mg for the same volume.

noted between the two states, however, provide only partial - Holoprotein extinction coefficients were determined with
insight into the consequences of the linkage. The sequencgpe hemochromogen ass&7) as previously described§).
of S7002 recombinant hemoglobin (rHb) is 59% identical Al holoprotein concentrations are reported on a heme basis
to that of S6803 rHb. Data collected thus far on holoproteins ysing extinction coefficients of 96 mM cm™ at 411 nm
from both sources support similaritiels3( 18, 20) that allow for rHb-R and 87 mM! cmt at 409 nm for rHb-A. The
the structure of S6803 rHb to be used as a low-resolution gpqprotein extinction coefficient was estimated with Prot-
model for S7002 rHb. Distinct properties are also apparent, param from the ExPASy molecular biology sen28)( The
in particular with respect to ligand bindinglg), which value of 4.47 mM! cm~ at 280 nm was used without
warrants a separate inspection of S7002 rHb. adjustment.

The goal of the present work was to investigate the .
consequences of heme hinding and post-translational heme NMR  SpectroscopyNMR samples were in 20 mM

modification on individual structural elements in S7002 rHb, ggﬁgggﬁtg{ g;geénzt 12Hl 'Zgjrjke rA[l)lRl)\l('\ggo ga;aétr\:)vrer]r(Ster
the globin for which we are pursuing in vivo functional : P

characterization. We based our study on the premise thatgﬁgﬁgg?sﬁ?ﬂiTvgreequ:a?gri%c(;)é d6'2)0§§Sotrhr6§?ﬁ8thl\é”(_{rZ:i dual)
apo-Hb, Hb, or Hb with covalently linked heme (Hb-A) may 9

play a role in the synechococcal cell. We used hydregen water line set a 4.76 ppm. Indirect referencing was applied

i = ird9) 1 i -
deuterium {H/?H) exchange monitored by NMR spectros- with TMS _.value.s to obtairt .N and“C shifts €9). Two
copy ©5). Under conditions of high protein stability, as and three-dimensional experiments were collected on unla-

i 5NI|- i 15N]-
chosen here, the exchange studies report on local unfoldingbeled’ uniformly**N-labeled, and uniformly*C,"*N-labeled

: : : : samples for the purpose of resonance assignments as
Gynamics of Specifc regions of S7002 b, n addiion, described for SE803 iHb-0) acquisiion and processing
native-state exchange identified the most stable substructuregetalIIS are provided in Table S1 in the Supportlng Informa-
of the two holoproteins. The comparison of slow-exchange ion. The data were proc_essed .W'th NMRPiga)( _Cross-
cores was extended to the apoprotein. A common nucleus'oeak V_O'U“?es were obtained with SPARKIZ using the
composed of elements of the B, G, and H helices suggestquaUSSIan fit routine.
a relationship between the folding process of two-on-two 'H/?H Exchange ExperimentlMR samples were pre-

globins and that of other members of the globin superfamily. pared by lyophilization of solutions of uniformiyN-labeled
protein in 20 mM phosphate at the appropriate pH. The
MATERIALS AND METHODS lyophilized protein was first dissolved in 2€L of doubly
distilled (DD) *H,0; 580uL of 2H,0O was then added to the
mixture to start the exchange. The final holoprotein concen-
tration was 1 mM on a heme basis; the apoprotein concentra-
tion was 1 mM according to the estimated extinction
coefficient. The time from initial addition oH,O to NMR
data collection was-12 min.*H-15N heteronuclear single-
guantum coherence (HSQC) spectra were recorded with 4096
complex points in the direct dimension and 128 real points
enz:éit;]brr)ep\&a}tg)lgs:d(iijI’yC(ijriCs?iII%dqiﬁrt;rorisenn?(?éIggﬁ]mﬁgjihfi‘zgig;gbm in the indirect dimension (States-TPPI quadrature detection),
with covaleﬁtly linked heme; HéQé, heteronuclear si'ngle—quantum using a WATERGATE solvent suppression sche_me with a
coherence; MRE, molar residual ellipticity; NOE, nuclear Overhauser 3-9-19 binomial sequence3, 34). The spectral width for
effect; P, protection factor; pH*, pH uncorrected for isotope effects; rHb-A samples was 8250 Hz (8013 Hz for er-R) in fike

rHb, recombinant hemoglobin; rHb-A, recombinant hemoglobin with dimension, and 2500 Hz (1800 Hz for rHb-R) in th
covalently linked heme; rHb-R, recombinant heme-reconstituted he- !

moglobin; S6803Synechocystisp. PCC 6803; S700%ynechococcus _dimension (centered at 114 ppm in rHb-A and 116.5 ppm
sp. PCC 7002; TOCSY, totally correlated spectroscopy. in rHb-R). The spectral width for apo-rHb was 5682 Hz in

Protein Preparation and PurificationPlasmid and unla-
beled protein preparations were performed as previously
described 18). In brief, unlabeled S7002 apo-rHb was
purified from inclusion bodies and reconstituted with hemin
if holoprotein was desired. Cross-linked samples were
prepared by treatment with dithionit@Q@). To the freshly
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the'H dimension and 1900 Hz in tH&N dimension (centered 20
at 114 ppm). For holoprotein samples, sequenti&f>N
HSQC data sets were recorded first with 4 transientsper
increment. This number was increased to 8 and then to 16 @
transients for the remaining time points to achieve a useful
signal-to-noise figure. Within the first 24 h, approximately o o
32 spectra were collected; after this period, one spectrum T |
was collected daily or once every 2 days until the end of the ..
study. In cases of overlapping peaks, the first plane’@fia = 109 8 Lo
separated totally correlated spectroscopy (TOCSY) data setE 1 , B ST
was collected for signal identification. A typical exchange © - -
study was completed in 10 days. Samples were kept at 25=
°C in a water bath when not in the spectrometer. The same 200 20 20 230 240
procedure was applied to the apoprotein, although in this A (nm)
case, only 4 data sets could be collected because exchange
was complete after 2 h. The pH uncorrected for the isotope 10
effect (pH*), which was read at the end of the experiment,
was 7.40 for rHb-A and rHb-R and 7.2 for apo-rHb. 08 1
For the scope of this paper, knowledge of the exchange
regime (EX1 or EX2) is not necessary. Protection factors § '
(P values) were determined by fitting cross-peak volumes w ,, |
versus time (taken as the start of the HSQC experiment) to
a single exponential and dividing the determined rate by the 0.2
calculated rates of model peptides under the same condition
of pH, ionic strength, and temperatur@s( 36). In one of
two *N-labeled rHb-R samples, a few HSQC cross-peaks 20 30 40 50 6 70 8 90 100
decayed in a biexponential fashion from an abnormally high
initial value (125%) compared with the majority of cross- T(°C)
peaks. This raised the possibility that biphasic behavior was FIGURE 1: (A) Far-UV CD spectra of S7002 rHb-ROj, rHb-A

; ; ; imal(4), and apo-rHb). Conditions were 1&M protein in 20 mM
S¥St:]ematlc a_crOS? ]Ehe protteln, a(ljthou.?:: lost I?] the dead ttl.mephosphate buffer at pH 7.4 and 26. (B) Apparent fraction of
orthe experiment for most amides. 1he exchange reactiongg jeq protein Fap) versus temperature. Data for S7002 rHb-R

was therefore followed with the rapid succession of 1D (o), rHb-A (), and apo-rHb() are shown along with solid lines
spectra collected on an unlabeled sample (1 mM protein andrepresenting the results of two-state fits. The data for rHb-A were
20 mM phosphate at final pH* 7.45). With this sample, it hormalized by assuming an unfolded-state spectrum identical to
was possible to compare the initial intensity (6-min delay) that of rHb-R.

of exchangeable signals downfield from 9.3 ppm with that . . .
of heme signals and the entire exchangeable region to thatr’h()Spr""1te buffer with a protein concentration-of5 uM

in a spectrum collected in 95%i1,0. The short acquisition n a_2-mm cell. The data were analyzed at 222 nm and fit to
time allowed for a more frequent sampling of the intensity & GiPPs-Hemlholtz equation37).
than with HSQC spectra. Heme signal intensity was invariant RESULTS
with time, whereas the resolved exchangeable signals
decayed with a single exponential from a normal initial ~ Secondary Structure by CThe secondary structure of
intensity (100%). This experiment confirmed that occasional S7002 rHb-R, rHb-A, and apo-rHb was examined with far-
biphasic behavior in the labeled sample was caused byUV CD. The spectra obtained at 26 and pH 7.2 are shown
overlap with a non-native form of rHb-R. This phase is not in Figure 1A after conversion to MRE. As expected, the
discussed further; the reported data are from the sample thaholoprotein had a high-helical content with characteristic
yielded monophasic behavior. In addition, a few resonancesminima at 208 and 222 nm. No significant difference was
arising from the~10% heme disorder (see the Results) could observed between rHb-R and rHb-A. Taehelical content
be followed for a short period of time. To a first approxima- of the apoprotein was slightly lower than that of the
tion, these signals disappeared at the same rate as their majdnoloproteins.
counterparts. Thermal Stability. Thermal denaturation experiments
Circular Dichroism (CD) and Thermal Denaturatioithe monitored by far-UV CD were performed on all three forms
secondary structure of S7002 rHb and its resistance toof the protein. When possible, the data were fit with a two-
temperature were analyzed with CD on a Jasco J-810state model returningy, the temperature at the midpoint of
spectrometer. The raw data were converted to molar residualthe transition. Thd, for rHb-R was 76.4t 0.2°C. TheTn,
ellipticity (MRE). Thermal denaturation experiments were of rHb-A could not be reached but appeared to be higher
performed with the aid of a Peltier thermoelectric device. than 95°C. Similar results were observed for the two
The temperature ranged between 25 and®@5Data were corresponding forms of the S6803 proteR0). The apo-
collected every 2°C with a 5-min equilibration time.  protein of the latter undergoes a broad thermal denaturation
Reversibility was tested by returning the samples to initial profile (17), whereas S7002 apo-rHb displayed a cooperative
conditions in 3- or 22C step with a 5-min equilibration time.  transition with a well-definedl,, of 64.6 + 0.3 °C. The
The samples were apo-rHb, rHb-R, or rHb-A in 20 mM apparent fraction of folded protein is plotted versus temper-
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FIGURE 2: Backbone amide\o(**N) for S7002-rHb: rHb-R-rHb-A (O) and apo-rHb-rHb-A (O). The secondary structure of S6803
rHb-R is indicated for reference. The areas of largest difference between the two holoproteins is the second half of the H helix and the
beginning of the A helix. Apo-rHb shifts are most like the holoprotein shifts in the B and G helices.

ature in Figure 1B. Although reliable standard free energies helix), 11 and 12 (in the AB turn), 40 (CE turn), and 117 (H
of denaturation could not be extracted from the data becausehelix) were identified in rHb-A but not in rHb-R. Helical
of partial reversibility, it was evident that the stability of secondary structure was assigned tentatively through the
the protein increased upon heme binding and further upondipolar connectivities between subsequent amide protons
heme cross-linking. The observation of a cooperative transi- (NHi—NHi+,) (39). The data for rHb-R and rHb-A supported
tion with high T, for the apoprotein implied stable tertiary nearly identical helical boundaries for each structural element.
interactions, as observed in the native state of sperm whale S7002 apo-rHb yielded well-resolved NMR data. Inspec-
apomyoglobin 88). tion of theH-15N HSQC spectrum indicated tha#95 cross-
NMR Assignments and Secondary Structure by NMR peaks were detectable under a normal condition of temper-
SpectroscopyTo interpret the'H/?H exchange data, it was ature and pH. Of these, 88 were unambiguously assigned.
necessary to assign backbone NH resonances in all threeNH;—NHi11 nuclear Overhauser effect (NOE) connectivities
forms of the protein. Standard assignment methods werewere strong throughout the B, C, and G helices and first
applied to uniformly!>N- and 13C *N-labeled S7002 rHb, half of the H helix. Weaker connectivities were found in
as previously described for the related S6803 rHIBB).( the N-terminal portion of the E helix, for amides 4847.
Figures S+S3 in the Supporting Information show an- Additional evidence for helical structure was noted in the
notated*H-1N HSQCs for rHb-R, rHb-A, and apo-rHb, C-terminal turn of the A helix. The only helix for which no
respectively. Table S2 in the Supporting Information lists signal was detected was the F helix.
the chemical shifts, and Figure S4 in the Supporting Low-Resolution Structural ComparisdfiN chemical-shift
Information portrays the assigned regions on the NMR differences pO(*°N)] were calculated to assess structural
structure of S6803 rHb-R. perturbation along the sequence. Figure 2 illustratés
The heme-containing proteins, S7002 rHb-R and rHb-A, between the two holoproteins. The magnitude of most
were studied in the ferric state. These species are paramagdeviations was smaller than 1 ppm. Several outliers were
netic (S = ) and give rise to well-resolved spectra. The found among residues 3®8, a region that was likely
amino acid sequence (123 residues) is such that a total ofaffected by changes in the electronic structure of the heme
121 backbone NH resonances are expected. In rHb-A, allgroup. The largest exceptions were found in the second half
detectabletH-15N HSQC cross-peaks (113) were assigned. of the H helix (near the cross-link), where a combination of
The missing signals were located in the EF loop, a flexible paramagnetic and coordinate alterations was at work. The
region of the S6803 rHb-R structur@d) and presumably ~ chemical shifts were also perturbed in the A helix; because
the S7002 rHb structure as well. In S7002 rHb-R, two sets this region is remote from the heme group, this was
of peaks in a 9:1 ratio were clearly distinguished. The minor interpreted as a long-range effect of the cross-link. The
form was attributed to the protein containing the heme group regions least affected were the B and G helicts(*H)
rotated by 180 along the a—y meso axis 18). This paralleled theAd(**N) trends.
isomerism was not present in rHb-A because the reaction of Ad(**N) values calculated with the apoprotein lost their
the 2-vinyl group drove the equilibrium to a single orienta- direct significance in close proximity of the heme group
tion. A total of 111 cross-peaks were resolved for the major owing to both paramagnetic and porphyrin ring current
form of rHb-R, and 108 of these were assigned. The signalseffects. At locations remote from the heme, thé(*>N)
of the EF loop were absent in this form of the protein as values shown in Figure 2 indicated the same pattern as for
well. In addition, the backbone resonances of residues 4 (Athe holoprotein: the smallest deviations were found in the
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able 1: Classification of Amides According to Their Exchange able 2: Protection Factors Measured in rHb-A and rHb-
Table 1: Classificati f Amides Accordi Their Exch Table 2. P ion F M d in rHb-A and rHb-R
Rate¢ P(rHb-R) P(rHb-A) P(rHb-R)/
rHb-R rHb-A residue x1076 x1076 P(rHb-A)
fas 63 59 Phe21 (B9) 0.52% 0.020 0.286+ 0.017 1.84+0.18
intermediaté 37 (24 fitted) 43 (28 fitted) Tyr22 (B10) 9.1+ 0.5 1.51+ 0.05 6.06+ 0.6
slowd 11 (2 fitted) 11 (4 fitted) Asp28 1.94+ 0.05 1.66+ 0.05 1.17+ 0.07
AU 25 °C and p 74" NHs detected n e HSQC that have  aloy C3)  0G1E-0018 062004 0.8 0.10
completely disappeared within the first 13 min of excharidéHs that Thrs2 (E16) 1 7'& 0'07 4.07j: 0.18 0 43:‘: 0'04
were detected after 13 min and had disappeared by 10 days. “Fitted” T ' ’ ’ ’ ' '
S . yr53 (E17) 1.7 0.07 1.45+ 0.12 1.18+0.14
indicates that a rate constant could be obtaifé¢tHs that were present
; - X ; Ala54 (E18) 1.3+ 0.04 0.401+ 0.016 3.2+ 0.22
with appreciable intensity>20%) after 10 days of exchange. Val74 (F12)  0.031G- 0.0006 0.0706: 0.0025 0.439+ 0.024

Thr80 (FG7) 0.089t 0.007 2.47+0.10 0.036+ 0.004

B and G helices; sizable differences were noted in the 40 His83 (G3) 0.189+ 0.008 0.48k 0.03 0.40+0.04

: ; Phe84 (G4) 0.12% 0.011 5.1+ 0.5 0.025+ 0.005
90 region; and the A helix was perturbed more strongly than ajase (Ge) 0.64% 0.03 0.368+ 0.016  1.74+0.15
the B and G regions. The same trends were observed forAla88 (G8) 11.741.2 8.1+ 0.9 1.5+ 0.3
AS(*H) and AS(**N). Overall, theAd analysis emphasized f'“%%((gllé)) g-g& 8-8; 015-8% 8-324 12535&1: 8-?4
H HA : eu . . . . . .
the B and G helices as resilient structural motifs of the Leu105 (H5) 0.80% 0.03 0.365¢ 0.013 520L 0.16
apoprotein. Aspl06 (H6)  0.188:0.006  0.104+ 0.003 1.814+0.11

IH/?H Exchange in rHb-R and rHb-AAt neutral pH, both Val108 (H9) 0.64+ 0.04 0.37%:0.019  1.70+0.18
rHb-R and rHb-A were found to display a wide range of Vall09(H10) 0.143:0.006 0.0438-0.0019  3.3:0.3
exchange rates. For the purpose of analysis, three categories

of backbone amide NHs were arbitrarily distinguished. The 1.0

“fast” category included those amide NHs that were com-

pletely exchanged within the first 13 min of exposuréigO > 08 ) ‘

at neutral pH. This corresponded tdPavalue below 1000. 'a 1

Over half of the amide NHs were in this group. Amide NHs 2 06

from the “intermediate” category exchanged in greater than % ]

13 min but fewer than 10 days-8 < log P < ~6). Finally, N ooa ]

the amides that retained more than 20% of their intensity g ]

after 10 days were placed in the “slow” category (B¢ g 02

~6). Table 1 provides the number of residues in each ]

category. S
Within the intermediate group, 24 rHb-R and 28 rHb-A 0 4 8 12 16

backbone amide NHs had exchange profiles that could be exchange time (s) x 10

u_sed for curve fitting. Other rresonances _overlapped_ O Ficure 3: Exchange profile for Ala54 in rHb-RQ) and rHb-A
disappeared too rapidly for reliable evaluation. Numerical () plotted as a fraction of the initial amplitude as a function of
values for the exchange rate constants are given with thethe exchange time. The solid lines represent fits to single expo-
fitted curves in Figure S5 in the Supporting Informati®h.  nentials with rate constants of (3.600.08) x 10-° and (5.03+
values are listed in Table S3 in the Supporting Information. 0-19)x 10°° s respectively. The last point in the rHb-R data set
A total of 19 of the locations for which quantitative was collected after-45 h of exchange.
assessment was made were common to the two forms of theSupporting Information. The spectra in Figure 4 display
protein; the ratio oP values,P(rHb-R)/P(rHb-A), for these notable differences. For instance, the B helix, E helix, and
19 NHs is listed in Table 2 along with the ratio for the single second half of the G helix contained amide NHs that were
common fitted NH in the slow category (Ala88). The data more protected in rHb-R than in rHb-A; of note is a longer-
and fits for one of these residues, Ala54 in the E helix, are lived amide NH adjacent to the distal His46 (GIn47). In
shown in Figure 3 as representative of the difference betweencontrast, certain amide NHs persisted longer in rHb-A than
the two forms of the protein. In some cases, a smaller numberin rHb-R. These were found mostly in the second half of
of cross-peak volumes could be obtained reliably. This was the H helix (119-124), downstream from the cross-linking
evident with Thr80 in rHb-R. As a control, this signal was His117. Of note in this set is the backbone amide NH of the
monitored in a separate experiment with a rapid successionproximal His70. From these data, it appeared that the same
of 1D spectra (Figure S2 in the Supporting Information). regions of the fold exhibited different local stability in rHb-R
The discrepancy between 1D and 2D rate constants wasand rHb-A, betraying specific cross-link effects throughout
~14%. In other instances of sparse data, the 1D resolutionthe structure.
was insufficient; there was, however, no ambiguity regarding  After 20 h of exchange, 16 “intermediate” NH cross-peaks
the ranking of the rates (rHb-R versus rHb-A), even though were detected in rHb-A and 12 in rHb-R (Table S4 in the
the P ratio contained a large error. Supporting Information). The amide NHs that exchanged
To complement th® values, the intermediate exchange more slowly in rHb-A than in rHb-R clustered to the H helix
category of rHb-R and rHb-A was examined qualitatively (residues 126122) and the FG loop (residues 79 and 80)
at two separate time points, 13 min and 20 h. After 13 min along with one amide NH (residue 84) in the G helix. In the
of exchange, 34 of the “intermediate” cross-peaks in the structure of S6803 rHb-R and rHb-A, the NH of Asn80 is
rHb-R and rHb-A spectra (shown in Figure 4) had identical involved in a hydrogen bond with the side chain of His83.
origin. Numerical data are provided in Table S3 in the The same interaction between Thr80 and His83, resulting
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FiIGURE 4: 15N-1H HSQC of S7002 rHb after13 min of 1H/2H exchange. (A) rHb-R and (B) rHb-A.

A B C

Ficure 5: Location of the amide NHs remaining in S7002 rHb-R (A) and rHb-A (B) after 20 h of exchange, shown on a NMR structure
of S6803 rHb-R (PDB 1MWB). His46 (distal), His70 (proximal), and the heme group are shown with licorice bonds. In B and C, the
location of His117 (forming the cross-link to the heme 2-vinyl) is also indicated. Helices are labeleldadcording to the vertebrate
nomenclature. C illustrates the differential effects of the cross-link, with the color blue for amide NHs exchanging more slowly in rHb-A
than in rHb-R and red for amide NHs exchanging faster in rHb-A than in rHb-R.
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FIGURE 7: 1N-1H HSQC of S7002 apo-rHb after13 min of 1H/

2H exchange. Some of the labeled peaks are weak but are not
artifactual because they were readily detected in the spectrum
collected in 95%!'H,0 (see the Supporting Information) and did
Ficure 6: Slow-exchange core of S7002 rHb-R and S7002 rHb-A disappear in later spectra.

as defined by the criteria listed in the text and represented in red

using the structure of S6803 rHb-R (PDB 1IMWB). disappeared after 2 h, and just one was detectable after 4 h
(1le105). The 13-min set was arbitrarily chosen to represent
the slow-exchange core of the apoprotein. All amide NHs
in this set were from the B, G, and H helices; their locations
are displayed in Figure 8.

in a signature NH/€H NOE, occurred in both forms of
S7002 rHb. Two NH cross-peaks were detected in rHb-R
and not in rHb-A; these were located in the E and G helices,
at positions 54 and 86. Parts A and B of Figure 5 illustrates
the location of the amide NHs remaining in rHb-A and rHb-R  piscussioN
after 20 h of exchange. The slow category of rHb-A and
rHb-R (Figure 6) contained common residues: 25, 26, and Local and Global StabilityThe binding of a heme group
87—95. These are situated in the B and G helices. to an apoprotein typically results in a pronounced stabiliza-
H/’H Exchange in Apo-rHb.The same experiments tion of the fold. This is accompanied with conformational
applied to the apoprotein revealed that most amide NHs changes of various magnitudes. The complex, however, may
belonged to the fast category as defined for the holoproteins.not have the desired heme properties, and post-translational
A total of 19 cross-peaks observed in the 13 min spectrum modifications may be required to tune them. For S7002 rHb,
(Figure 7 and Table S4 in the Supporting Information) had cross-link formation following heme binding is a particularly
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attachment in a mesophilic protein without resorting to amino
acid replacement.

Effect of Heme Bindinglhe apoprotein of S7002 rHb was
found to be patrtially structured and stable up to temperatures
higher than that of the normal environment of the cyano-
bacterium 25 °C, with optimal growth at 38°C). All
holoprotein helices were represented in the apoprotein with
at least a few residues, except for helix F. In the{dEFegion
of the protein and the C-terminal end of the H helix,'hb
5N HSQC cross-peak was assigned and, given the total
number of cross-peaks, most were not detected. For a
comparison, the F helix and the end of the H helix are known
to unfold in sperm whale apomyoglobiag). Studies are in
progress to improve the description of the residual structure

. in S7002 apo-rHb. Nevertheless, it is already clear that heme
Ficure 8: Slow-exchange core of S7002 apo-rHb as defined by pinding is responsible for major conformational restriction
the criteria listed in the text and represented using the structure of , the proximal side of the heme to lead to the completion

S6803 rHb-R (PDB 1MWB). The amides belonging to the core . .
are colored in red: in the B helix, Alal7, Val18, Phe21, Val2s, ©Of @ stable two-on-two fold. In this, the S7002 apoglobin

and Leu26; in the G helix, Alag8, Leu91, Leu93, Thro4, Leu9s, resembled many ape hemoproteins.
GIn96, Glu97, and Leu98; in the GH loop, Val100; and in the H Effect of the Cross-link: Site of Modificatiolhe H helix
helix, Leu104, lle105, Asp106, Val108, and Val109. contains a kink at position 1128). Near the site of the

] ) ) ) ) cross-link and at the end of the H helix (+1924), backbone
facile reaction. Although physiological data are not available, NHs were more protected against exchange in rHb-A than
itis possible that this reaction occurs in the cell. The cross- iy rHp-R, likely as a result of reduced conformational
link could adjust axial ligand strength, a plausible conse- fiexipility in this region. This interpretation was supported
guence supported by the observations that the rate of cyanideby the absence of the His117 NH cross-peak in the rHb-R
binding by ferric S6803 rHb is accelerated when the cross- 115y HSQC data and its presence in rHb-A data. Prior to
link is present 40). Local structural stability is also of  the kink, exchange was faster in rHb-A than in rHb-R, which
interest, because binding of exogenous ligands is ac-jngicated that this feature disrupted the dynamic behavior
companied by a large conformational change that may beof the helix. TheAd(*N) between rHb-R and rHb-A were
facilitated or opposed in the cross-linked state. S7002 rHb-A greatest in the latter half of the H helix (Figure 2). In the
is significantly more resistant to conditions of low pH and 56803 rHb-R NMR structure, the end of the H helix is
high temperature than rHb-R2Q). According to the NMR conformationally flexible 23) and cross-linking is expected
and X-ray data, cross-link formation does not cause large-to diminish this flexibility. Although the primary structure
scale structural changes3 20, 24). The main contribution  of the two cyanobacterial globins differs in this region, our
to the global sta_bility effect can therefore be attributed to a preliminary analysis supported similar behaviors. Cyto-
loss of entropy in the unfolded state. THé/’H exchange  chromec also shows enhanced amide NH protection in the
studies described in this work allowed for an examination ¢ross-linked area, specifically for those residues around the
of local native-state features related to heme binding and its ggsential second linkd().
covalent attachment to the protein matrix. Effect of the Cross-link: Remote Repercussiofise

A parallel can be drawn to cytochroneeln this class of changes associated with cross-linking were not restricted to
proteins, covalent heme attachment occurs through thethe immediate surroundings of the attachment point in the
reaction of two Cys side chains with the heme vinyl groups H helix. In the FG turn, the NH of Thr80 exchanged more
(41). When attachment through thioether bonds is preventedslowly in rHb-A than in rHb-R, which indicated a hydrogen
in the mitochondrial protein, folding does not take place even bond of increased strength between Thr80 NH and the side
in the presence of the hemé2). This result illustrates the  chain of His83 in the cross-linked protein. The side chain
predisposition of the protein for disorder and an extreme of Asn80 acts as an N-terminal cap for the G helix in S6803
consequence of cofactor attachment but provides little rHb (23); the capping motif is classified as type K8|. The
information on its chemical aspects. To date, there is still same motif was expected in S7002 rHb and was supported
no detailed assessment of the advantages of thioether bondby the NMR data. The reciprocal backbone/side chain
formation inc cytochromes despite extensive studiés)( hydrogen bonds between residues 80 and 83 serve as a start
Interestingly, one covalent linkage, the second in the signal for the G helix. Inspection of the NOEs at these
sequence, is sufficient to establish the holoprotein fal.( locations confirmed that the conformation of the protein was
Only in the case of a thermophilic cytochrorog; has it unchanged by the cross-link. This particular element of
been possible to generate a stabferm of ac cytochrome structure initiating the G helix appeared reinforced in rHb-

by mutagenesis of the reactive cysteinéS)(Not surpris- A.
ingly, this protein shows an increase in stability upon cross- The proximal histidine (His70) backbone NH was also
linking (a Tr, change from 58 to over 10TC). In addition, slower to exchange in rHb-A, as were other NHs in the F

the apocytochrome was found to be’@ less stable than  helix, for example, that of Val74 (Table 2). The slow
the holoprotein containing no thioether linkage. S7002 rHb, exchange of His70 and Thr80 may have a common origin,
with its structured apo, non-cross-linked, and cross-linked illustrating transduction through the F helix. This helix and
states, offers an opportunity to study the effect of covalent the first half of the G helix of rHb-A presented regions of
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retarded exchange compared to rHb-R. Retardation, however, Slow-Exchange Corélhe slow-exchange core of rHb-A
was not a generalized phenomenon. The reverse effect wasand rHb-R contained residues 25, 26 (in the B helix), and
observed for residues 21, 22, and 28 (B helix); 47, 48, 51, 87—95 (in the G helix). These two regions of the protein
53, and 54 (E helix); 86, 88, 96, and 98 (G helix); and 105, make contact with one another and therefore could represent
106, 108, and 109 (H helix). The uneven distribution of a nucleation point early in protein folding. In support of this,
responses, depicted in Figure 5C, demonstrated a complexhe B—G helical contacts have been found to form a key
influence of the cross-link resulting in acceleration mostly motif in most globins $2), including two-on-two globins
on the distal side of the heme, where exogenous ligand(53). Considering the extent of refolding that is coupled to
binding occurs. Complex distribution was also observed in heme binding, it is of interest to inspect the contribution of
cytochromecss,, as opposite changes were measured in the the cofactor in establishing the stable architecture of the
region around the second cross-link and in the N terminus protein.
of the protein 47). In another example, it has been reported  Exchange data collected on apo-rHb revealed a cluster that
that binding of different ligands (azide and cyanide) to the involved B, G, and H segments. As illustrated on a model
ferric substrate of heme oxygenase frdPseudomonas of the holoprotein structure (Figure 8), these three helices
aeruginosaleads to large changes I values, distributed  contact each other but not the heme group. NMR analysis
over the structure. This is attributed in part to an alteration of the native state further showed that these regions were
of the distal hydrogen-bond network configuratiei®)and helical in the apoprotein. A comparison of amitté and
illustrates a mechanism by which small protein structural >N chemical shifts (Figure 2) suggested only small perturba-
perturbations can cause large differences in the exchangeions between the apo- and holoproteins in the regions of
properties. the B and G helix. Although the H helix was not part of the
Effect of the Cross-link: Exogenous Ligand-Binding Site. slowest exchange core in the holoproteins by the criteria
The function of most two-on-two globins is unknown; all established above, elements of it that were part of the
have been found to bind diatomic ligands with high affinity apoprotein core exhibited slow amide exchange (the NH of
even when capable of endogenous hexacoordination, and thisesidues 105 and 108 persisted for over 5 days in rHb-R).
property has guided functional speculations. The data In addition, all amides remaining at 5 days were located in
presented here showed that the cross-link affected indirectlythe B, G, and H helices in both forms of the holoprotein
the properties of the binding site. A possible interpretation (with the exception of Met51 in rHb-R). As a result, it was
of the E helix data was that this element of secondary concluded that the core of the holoprotein was partially
structure was less tightly wound in rHb-A than in rHb-R formed in the apoprotein. Heme binding stabilized and
because the repositioning of the heme group affected theextended this existing nucleus.
His46—Fe ligation bond and, therefore, the exogenous ligand The core of S7002 apo-rHb appeared better formed and
binding site. In S6803 rHb, the H helix contacts the E helix stabilized than that of S6803 rHb under identical conditions
at Ala54. The same contact was detected in NOE data(17, 40). Among the 19 assigned amides that were slowest
collected on S7002 rHb-A (not shown). Because the amide to exchange in S7002 apo-rHb, five amino acid replacements
NH of Alab4 was more protected in rHb-R than in rHb-A, were noted between the two proteins, all located in the
it is plausible that cross-linking at His117 perturbed theHE C-terminal region of the G helix and the N-terminal region
contact, in turn propagating changes to the distal binding of the H helix: Leu93Ala, GIn96Lys, Leu98Met, Asp106Ala,
site. As mentioned above, an opposite result was observedand Vall09Ala. It is possible that these mostly nonconser-
on the proximal side, with the backbone NH of His70 vative substitutions alter the ability of the GH turn to remain
disappearing nearly 24 h later in rHb-A than in rHb-R. folded and serve as a scaffold for further lasting interactions
Transmission from one side of the heme to the other can bein the absence of the heme group.
mediated by ligation to the iron (trans effect). Thus, the  Implications for S7002 rHb FoldingThe formation of a
weakening of the E helix may be related to a reinforcement functional hemoglobin molecule is a complex process
of the F helix. It has also been shown that covalently linking requiring the folding of the polypeptide chain and the binding
His-coordinated heme to peptide models can result in of the cofactor. Although not much is known about the
strengthening an axial FeHis bond 60), which could reaction in vivo, progress has been made in the description
provide an additional contribution to the effect above. of the apoprotein folding step through extensive in vitro
Among two-on-two globin sequences and available struc- studies of sperm whale apomyoglobin as a model gldiih (
tures, position B10 stands out as a determinant of ligand- For this particular protein, progression to the native state
binding properties. This has been demonstrated in S6803 rHbfrom a urea-unfolded state involves accretion of helices A,
(13, 51) and S7002 rHbXQ3), as Tyr22 (B10) participates in G, H, and part of helix B. The A, G, and H helices constitute
a hydrogen-bonding network with bound cyanide. The the nucleus %5). This mechanism, however, may have
observation that the B helix underwent slower exchange in limited applicability to other globins. For example, leghe-
rHb-R than in rHb-A implied reduced conformational flex- moglobin, which has the same three-on-three fold, follows
ibility of rHb-R and a potential impact on ligand binding, a different pathway involving the early collapse of the E, G,
since the structural rearrangement that promotes the forma-and H helices§6). The structural differences between the
tion of the distal hydrogen-bond network might require three-on-three and two-on-two folds, which encompass the
transient distortion of the B helix. Consequently, the data nature of the interhelical contacts3) as well as the relative
suggested that the distal pocket was more dynamic in rHb-A orientation, number, and length of helice®,(lead to an
than in rHb-R. This may be related to our observation that, expectation of yet a distinct energy landscape.
in S6803 rHDb, the presence of the cross-link promotes faster In many instances, the amide NHs most protected from
cyanide binding 40). exchange with solvent cluster with secondary structure, and
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it is thought that these NHs belong to parts of the protein This material is available free of charge via the Internet at

that are first to fold 7, 58). The slow-exchange core of
S7002 apo-rHb contained parts of the B, G, and H helices,

http://pubs.acs.org.

three of the four helices defining the two-on-two fold. The REFERENCES

last of the four, the E helix, became fully folded only upon
heme binding. Kinetic studies of sperm whale apomyoglobin
and apoleghemoglobin point to the importance of the G and
H helices in full-length globin folding. GH peptide studies
have revealed an intrinsic propensity of the sperm whale
sequence to sample a helical structus8)(G—H contacts
are also expected to be important in the “minihemoglobin”

of the nemertean worrCerebratulus lacteusThis protein 3.

possesses no A helix and only the first half of the H helix
(60), which aligns with the H helix residues participating in
the slow-exchange core of S7002 apo-rHb. With regards to
the two-on-two globins, a recent computational analysis
supports a key role for the-&H segment§1). The native-
state exchange studies of S7002 apo-rHb strongly suggested

that these helices might play an early role in the folding 5.

process of two-on-two globins as well.

CONCLUSIONS 6

The two-on-two globin fronBynechococcusp. PCC 7002
offered an opportunity to inspect the large and small
structural perturbations induced by heme binding and heme
cross-linking. In the formation of rHb-R from apo-rHb,
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The present in vitro study revealed three forms of the protein
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of the biochemical data.
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